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ABSTRACT 
Congested traffic corridors in dense urban areas are key contributors to the 
degradation of urban air quality. While waiting at bus stops, transit patrons may be 
exposed to greater amounts of vehicle-based pollution, including particulate matter, due 
to their proximity to the roadway. Current guidelines for the location and design of bus 
stops do not take into account air quality or exposure considerations.  
This thesis provides a unique contribution to roadside air quality studies and 
presents an innovative method for the consideration of bus shelter placement. Exposure 
to roadside pollutants is estimated for transit riders waiting at three-sided bus stop 
shelters that either: 1) face roadway traffic, or 2) face away from roadway traffic. Shelters 
were instrumented with particulate matter monitoring equipment, sonic anemometers for 
wind speed and direction, and vehicle counters capable of categorizing vehicles by 
length. Temperature and relative humidity were gathered from a nearby monitoring 
station. Data were collected for two different days at three shelters during both the 
morning and afternoon peak periods for a total of eleven data periods. 
Bus shelter orientation is found to significantly affect concentration of four sizes 
of particulate matter: ultrafine particles, PM1, PM2.5, and PM10. Shelters with an opening 
oriented towards the roadway were observed to have significantly higher concentrations 
inside the shelter than outside the shelter. In contrast, shelters oriented away from the 
roadway were observed to have significantly lower concentrations inside the shelter than 
outside the shelter. The differences in average particulate matter concentrations are 
statistically significant across all four sizes of particulate matter studied. 
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Additional correlation and linear regression investigation reveals interactions 
between particulate concentrations and built environment characteristics, vehicle flow, 
and weather conditions. Temperature and relative humidity played a large role in the 
diurnal variation of average concentration levels. In all instances, particulate 
concentrations were greater during the morning period, often substantially so. Particulate 
concentrations are shown to vary based on both wind speed and direction. Vehicle flow is 
correlated with particulate levels, though significance is not consistent. Lagged vehicle 
flow is demonstrated to be more consistently significant. Regression analysis suggests 
weather factors such as wind, temperature, and relative humidity explain roughly 70% of 
particulate variation, while vehicle flow explains less than 6%.  
 iii 
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1. INTRODUCTION 
This thesis uses original air quality samples to analyze the impacts of semi-
enclosed bus stop shelters on transit user exposure. Such shelters are common in urban 
areas and have traditionally been placed on high-ridership routes to provide a 
convenience to waiting passengers. Little research has been conducted to determine 
whether orientation of bus shelters significantly affects exposure to roadside air pollution, 
and no published study has examined the variables considered in this paper 
simultaneously. This research lays a framework for investigating shelter orientation while 
examining other variables including wind speed and direction and vehicle flow as they 
pertain to particulate matter concentration levels. 
Environmental concerns constitute a rising trend among the general public, 
demanding focused research to best understand the impact we have on our surroundings, 
be it a natural or metropolitan setting. It is important to understand impacts to human 
health in the built environment of some of our most populated (and polluted) urban areas 
to mitigate risks and raise quality of life. Arterial corridors are a vital component of the 
urban fabric and are traveled daily by thousands using a variety of modes. Commuters 
choose public transportation for a variety of reasons, one of which may be to reduce their 
impact on the environment. Ironically, those waiting at bus stops may be standing in a 
microenvironment with substandard air quality, exposed to elevated levels of air pollution 
because of a close proximity to high volumes of motor vehicles. 
Commuters in the United States spend an average of 45 minutes of their day 
commuting to and from work (Pisarski 2006), giving rise to concerns over traffic 
congestion, public health factors, and environmental deterioration. These concerns have 
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fostered a push to shift from single-occupancy vehicle use to non-automotive or public 
transport modes of travel in an effort to reduce congestion and improve public and 
environmental health while maintaining mobility. Exposure to air pollution on and near 
the roadway varies with mode choice – single-occupancy vehicle, carpool, public 
transportation, walking, or bicycling. Public transportation users contribute relatively 
little to total vehicle-based pollution levels compared to motorists yet may be exposed to 
greater amounts of pollution, including particulate matter, as a result of waiting for buses 
near busy corridors. 
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2. BACKGROUND AND LITERATURE REVIEW 
2.1. Particulate Matter 
Particulate matter (PM) is one of six common air pollutants regulated by the 
National Ambient Air Quality Standards (NAAQS), established by the US Environmental 
Protection Agency (EPA) as part of the Clean Air Act (EPA 1990). PM is a complex 
mixture of solid and liquid material, made up of carbon particles, hydrocarbons and 
inorganics. PM is unsafe at any exposure level, meaning there is no particle concentration 
threshold below which human health is not jeopardized (Morawska et al. 2004). Despite 
being relatively nonreactive, PM is highly variable in composition and often contains 
chemically reactive substances on the particle surface (Vallero 2008). 
PM is generally classified into four categories based on aerodynamic diameter of 
the particles. PM10 (coarse particles), PM2.5 (fine particles) and PM1.0 (very fine particles) 
are defined as having aerodynamic diameters less than 10 µm, 2.5 µm and 1.0 µm, 
respectively. PM0.1, more commonly known as ultrafine particles (UFP), have a diameter 
less than 0.1 µm and are the smallest particles yet classified. UFP dominate the 
particulate number spectrum yet make up a very small percentage of total particulate 
mass; as a result, UFP are characterized by particle number (particles/cm3, or pt/cc) as 
opposed to particle mass (mg/m3 or µg/m3) for PM1.0 and larger. 
Ambient urban PM10 background concentrations, unaffected by roadway sources, 
range from 17-61 µg/m3 (Ballester et al. 2008). Ambient urban PM2.5 background 
concentrations are generally below 16 µg/m3 (Bedada et al. 2007). Studies examining 
ambient PM1.0 background concentrations are not as common as those for the other 
particulate sizes in this paper, but it is generally agreed that levels are below 20 ug/m3 
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(Yin and Harrison 2008). Ambient urban UFP background concentrations range from a 
few thousand to 20,000 particles/cm3 (Morawska et al. 2004). NAAQS exposure 
standards were most recently revised in 2006 to tighten the 24-hour PM2.5 standard to 35 
µg/m3, while the 24-hour PM10 standard has remained at 150 µg/m3 since 1997. PM1.0 
and UFP exposure standards have not yet been established by the EPA. While the EPA 
bases its air quality standards on annual and 24-hour exposures, it is thought that peak 
exposures (one hour or less in duration) are most relevant to human health and 
exacerbation of existing symptoms (Michaels and Kleinman 2000). 
 
2.2. Exposure to Particulate Matter 
Much attention has been given to the epidemiological association between 
exposure to PM and adverse health outcomes (Møller et al. 2008; Vinzents et al. 2005; 
Morawska et al. 2004; Pope III et al. 2004). Also referred to as soot, black carbon, black 
smoke and fine particle pollution, PM exhibits gas-like properties and inhalation brings 
the particles deep into the lungs. The body’s natural defenses, such as nasal hair filtering 
and cilia in the lungs, are unable to capture PM due to the small size of the particles 
(Vallero 2008). PM has been linked to aggravation of asthma, chronic bronchitis and 
decreased lung function (Vallero 2008). Many studies have documented negative 
cardiovascular effects from exposure to PM10 and PM2.5 (Chuang et al. 2007; Samet et al. 
2000), while PM1.0 and UFP have been shown to increase cardiorespiratory symptoms for 
elderly patients (Chuang et al. 2005). 
Individuals traveling within transport microenvironments (that is, an extremely 
small-scale environment comprised of the roadway and its immediate surroundings) may 
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be exposed to higher levels of pollution, comprising a substantial percentage of their 
daily total exposure within a short amount of time (Kaur et al. 2007; Gulliver and Briggs 
2004). Elevated concentrations of particulate matter near roads in excess of ambient 
urban concentrations indicate a direct relationship to vehicle emissions (Kittelson 1998). 
Those waiting for buses are often waiting along busy corridors at peak hours, increasing 
the likelihood of elevated exposure. “Hot spots” of PM concentration can occur near 
multilane intersections in urban environments (Vallero 2008), and buildings can restrict 
air movement and limit the volume of air in which the pollution is contained, 
exacerbating the problem (Vardoulakis et al. 2003). Lung et al. (2005) found PM2.5 
concentrations to be nearly double at intersections located near buildings versus 
intersections in open space. Bus stops are likely to be placed at intersections to allow 
patrons ease of access to transfer points. 
 
2.3. Mobile Particulate Matter Sources 
Motor vehicles are the primary source of fine and ultrafine particles along 
transportation corridors (Hitchins et al. 2000). The majority of particle numbers are in the 
0.02-0.13 µm range for diesel engines (Morawska et al. 1998) and 0.02-0.06 µm for 
gasoline engines (Ristovski et al. 1998). Among motor vehicles, diesel vehicles are 
commonly understood to emit substantially more PM than gasoline vehicles. Diesel 
engines are regulated by fuel flow only, differing from gasoline engines in that air flow 
remains constant with engine speed (Vallero 2008). Such a setup allows for more 
available power, but also results in more exhaust. PM is a primary emission from diesel 
engines, and at times diesel engines may emit 10 to 100 times more PM mass than 
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gasoline engines (Vallero 2008; Wayne et al. 2004; Kittelson 1998). As such, diesel 
vehicles are often singled out as significant sources of particulate matter (EPA 1990). PM 
emissions from diesel engines are regulated by the EPA, most recently set at a maximum 
of 0.01 g/bhp-hr (EPA 2007). 
In singling out diesel vehicles (often referred to as “heavy vehicles” in recognition 
of virtually all heavy vehicles being powered by diesel engines), it is important to 
understand pollution mitigation techniques. Although recent EPA standards have targeted 
diesel engines and mandated more stringent PM emission standards, existing diesel 
vehicles are likely to remain in operation for some years to come due to the longevity and 
durability of diesel engines. Diesel PM emissions reduction efforts involve either new 
engine replacements or retrofitting existing engines with more advanced emission control 
equipment (Schimek 2001). Emissions are partially mitigated without modification 
through fuel and maintenance; lower sulfur fuels burn cleaner, and overfueling can be 
prevented by tuning the engine correctly (Vallero 2008). Alternative fuels can provide 
PM control; many transit agencies have shifted their fleet to a blend of diesel and bio-
diesel fuel, which is refined from plant-based hydrocarbons such as used cooking oils and 
is estimated to reduce PM emissions by as much as 25 percent using a B35 blend (65 
percent diesel, 35 percent biodiesel) (Pinto et al. 2005).  
 
2.4. Monitoring Particulate Matter Levels 
Exposure to pollutants in transportation microenvironments is often more 
complex than ambient conditions from a fixed monitoring station may describe (Adams 
et al.2001a). Fixed monitoring stations have traditionally been used for the establishment 
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of air quality guidelines and policy (including EPA guidelines) over broad areas such as 
metro regions, but these stations are not designed to represent exposure on a scale small 
enough for a transport microenvironment, and as a result may not adequately describe 
small-scale conditions in close proximity to traffic (Gulliver and Briggs 2004; Adams et 
al. 2001a). Gulliver and Briggs (2004) found a fixed monitoring station to be a poor 
marker for PM10 concentrations one kilometer away from their sampling location.  
UFP concentrations in particular decrease significantly with distance due to 
dispersion and coagulation into larger particles, returning to background levels around 
300 meters downwind from the roadway (Zhu et al. 2002). A fixed monitoring station 
would be expected to underestimate UFP concentration levels for a roadway located 
outside this range. Micro-scale exposure measurements present a more accurate picture of 
roadway air quality conditions by resolving coagulation problems, in which particles 
combine to form larger particles over distance, leading to a misrepresentation of particle 
size concentrations at a given location if the monitoring device is several hundred meters 
away (Kaur et al.2007). 
 
2.5. Particulate Matter Exposure by Mode of Travel 
Several studies have used micro-scale measurements of near-roadway 
environments to investigate commuter exposure to PM10, PM2.5 and PM1.0 among 
different commuting modes including private vehicle, bicycle, walking, and public 
transportation. The general consensus is that particulate exposure is greatly affected by 
the mode of transport chosen (Briggs et al. 2008; Kaur, Nieuwenhuijsen, and Colvile 
2007; Kaur 2006; Chan et al. 2002). 
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Adams et al. (2001b) explored in-vehicle exposure to PM2.5 as part of a larger 
multi-mode exposure investigation conducted over multiple three-week periods in the 
winter and in the summer in London, UK, and found in-vehicle PM2.5 exposure to be 
greater in the summer (37.7 µg/m3) than the winter (33.7 µg/m3) using both diesel- and 
gasoline-fueled vehicles ranging from six to eight years old. Gulliver and Briggs (2004) 
found in-vehicle PM10, PM2.5 and PM1.0 to average 43.16 µg/m3, 15.54 µg/m3 and 7.03 
µg/m3, respectively, using a 5-year-old vehicle in Northampton, UK. Briggs et al. (2008) 
found in-vehicle exposure in London, UK to average 5.87 µg/m3, 3.01 µg/m3, 1.82 µg/m3 
and 21,639 pt/cm3 for PM10, PM2.5, PM1.0 and UFP, respectively; these averages are 
lower than the literature would expect and are attributed by the author to the in-vehicle 
air vent filtration system. These data are summarized in Table 2.5.1. 
 
Table 2.5.1: Average In-vehicle Exposure Summary 
 Exposure 
 UFP (pt/cm3) PM1.0 (µg/m3) PM2.5 (µg/m3) PM10 (µg/m3) 
(Adams et al. 
2001b) - - 
37.7 (summer) 
33.7 (winter) - 
(Gulliver and 
Briggs 2004) - 7.03 15.54 43.16 
(Briggs et al. 
2008) 21,639 1.82 3.01 5.87 
“-” = Not Applicable 
 
 
Kaur et al. (2005) found pedestrian exposure along a major road in London, UK 
to average 37.7 µg/m3 and 80,009 pt/cm3 for PM2.5 and UFP, respectively. PM2.5 levels in 
the morning were significantly higher than in the afternoon. UFP levels were 
significantly lower when walking building side in comparison to curbside on the 
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sidewalk, attributed to proximity from the roadway. Gulliver and Briggs (2004) observed 
average PM10, PM2.5 and PM1.0 levels to be 38.18 µg/m3, 15.06 µg/m3 and 7.14 µg/m3, 
respectively, while walking within a few feet of the curb along one of the main commuter 
routes in town. These data were collected simultaneously with the vehicle data previously 
mentioned, and the comparisons show a 16% increase in PM10 levels inside the vehicle 
versus walking, but show no change for PM2.5 and PM1.0 levels. Briggs et al. (2008) 
found average pedestrian exposure in London, UK to be 27.56 µg/m3, 6.59 µg/m3, 3.37 
µg/m3 and 30,334 pt/cm3 for PM10, PM2.5, PM1.0 and UFP, respectively. These exposures 
are in excess of the in-vehicle exposure levels found by Briggs et al. (2008) by a factor of 
4.7 for PM10, 2.2 for PM2.5, 1.9 for PM1.0 and 1.4 for UFP. These data are summarized in 
Table 2.5.2. 
 
Table 2.5.2: Average Pedestrian Exposure Summary 
 Exposure 
 UFP (pt/cm3) PM1.0 (µg/m3) PM2.5 (µg/m3) PM10 (µg/m3) 
(Kaur, 
Nieuwenhuijsen, 
and Colvile 2005) 
80,009 - 37.7 - 
(Gulliver and 
Briggs 2004) - 7.14 15.06 38.18 
(Briggs et al. 
2008) 30,334 3.37 6.59 27.56 
“-“ = Not Applicable 
 
 
The multi-mode study conducted by Adams et al. (2001b) found average cyclist 
PM2.5 exposure was greater in the summer (34.5 µg/m3) than in the winter (23.5 µg/m3). 
In a separate, cycle-specific study, Adams et al. (2001b) observed similar results: average 
cyclist exposure to PM2.5 was 34.2 µg/m3. Kendrick et al. (2011) conducted a UFP 
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exposure comparison study between a traditional bicycle lane and a “cycle track” 
buffered from moving vehicles by a lane of parallel parking. UFP concentrations were 
consistently greater in the bicycle lane than the cycle track, with a mean difference 
ranging from 3,309 pt/cm3 to 21,043 pt/cm3 (Kendrick et al. 2011). 
 
Table 2.5.3: Average Cyclist Exposure Summary 
 Exposure 
 UFP (pt/cm3) PM1.0 (µg/m3) PM2.5 (µg/m3) PM10 (µg/m3) 
(Adams et al. 
2001) - - 
34.5 (summer) 
23.5 (winter) - 
(Adams, 
Nieuwenhuijsen, 
and Colvile 2001) 
- - 34.2 - 
(Kendrick et al. 
2011) 
3309-21,043 
(mean difference 
range between bike 
lane and cycle 
track) 
- - - 
“-“ = Not Applicable 
 
 
Transit network exposure studies commonly focus on diesel buses, the backbone 
of most transit agencies. Transit buses have repeatedly been singled out as significant 
sources of PM in urban areas (Jackson and Holmén 2009; Kaur et al. 2007; Holmén and 
Ayala 2002; Schimek 2001). A common study design involving diesel buses focuses on 
in-cabin bus driver and bus patron exposure. In their multi-modal study, Adams et al. 
(2001b) observed consistent mean in-cabin PM2.5 concentrations in the summer (39.0 
µg/m3) and the winter (38.9 µg/m3). Levy et al. (2002) measured PM2.5 levels in a bus 
with open windows in Boston, finding the median value to be 105 µg/m3. Hill et al. 
(2005) tested retrofitted emissions controls in school buses in several cities for 
effectiveness in reducing interior UFP exposure. In Atlanta, mean UFP exposure ranged 
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from 7,381 pt/cm3 to 50,230 pt/cm3; in Chicago, mean UFP exposure was 29,868 pt/cm3 
– 74,466 pt/cm3; in Ann Arbor, MI, mean UFP exposure was 9,570 pt/cm3 – 53,040 
pt/cm3 (Hill et al. 2005). The authors note that implementation of diesel particulate filters 
and ultra-low sulfur fuel reduced in-cabin UFP concentrations. Zhu et al. (2010) 
examined the micro-environmental conditions in Harvard University shuttle system buses 
in Cambridge, MA. Concentration levels of PM10 ranged from 11-18 µg/m3depending on 
the sample date. Likewise, concentration levels of PM2.5 and UFP ranged from 11-15 
µg/m3 and 40,000-57,000 pt/cm3, respectively. Zhu et al. (2010) note that PM2.5 
concentrations were an order of magnitude higher during peak hours, attributed by the 
authors to high traffic conditions. 
 
Table 2.5.4: Average Transit Exposure Summary 
 Exposure 
 UFP (pt/cm3) PM1.0 (µg/m3) PM2.5 (µg/m3) PM10 (µg/m3) 
(Adams et al. 
2001) - - 
39.0 (summer) 
38.9 (winter) - 
(Hill et al. 2005) 
7,381-50,230 
(Atlanta) 
29-868-74,466 
(Chicago) 
9,570-53,040  
(Ann Arbor) 
- - - 
(Levy, Dumyahn, 
and Spengler 
2002) 
- - 105 (median) - 
(S. Zhu, 
Demokritou, and 
Spengler 2010) 
40,000-57,000 - 11-15 11-18 
“-“ = Not Applicable 
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2.6. Particulate Matter Exposure at Bus Stops 
Most reviewed air quality study designs, particularly transit-oriented studies, fail 
to capture the exposure for a transit patron waiting at a bus stop. Yet, bus stop location is 
considered to be one of the most important aspects to transit route design, determining 
transit system performance, traffic flow, safety, and security (Fitzpatrick et al. 1996). 
Bus stops are located in one of three configurations, each relative to the closest 
intersection: near-side, far-side, and mid-block (Figure 2.6.1). Near-side bus stops are 
located immediately before an intersection in the direction of travel. Far-side bus stops 
are located immediately after an intersection in the direction of travel. Mid-block bus 
stops are located within the block. Locating the bus stop in any of these configurations 
comes with distinct advantages and disadvantages. Fitzpatrick et al. (1996) summarize 
these advantages and disadvantages in Table 2.6.1. 
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Table 2.6.1: Advantages and Disadvantages of Bus Stop Locations (Fitzpatrick et al. 
1996) 
Advantages Disadvantages 
N
ea
r-
si
de
  Allows passengers to access bus while it is stopped at a red light 
 Allows passengers to access buses 
closest to crosswalk 
 Intersection is available for driver 
to pull away from curb 
 Increases right-turn vehicle conflicts 
 Increases sight distance problems for crossing 
pedestrians 
 May obscure curbside traffic control devices and 
crossing pedestrians 
Fa
r-
si
de
 
 Minimizes right-turn vehicle 
conflicts 
 Provides additional right turn 
capacity 
 Easier for bus to pull away from 
curb during gaps in traffic flow 
 Encourages pedestrians to cross 
behind the bus 
 Minimizes sight distance problems 
on approach to intersection 
 Stopping buses may queue into the intersection 
 Traffic may queue behind a bus into the 
intersection 
 Bus may stop far side after stopping for a red 
light, which interferes with bus operations and all 
other traffic 
 May obscure sight distance for crossing vehicles 
M
id
-b
lo
ck
  Passenger waiting areas may 
experience less pedestrian 
congestion 
 Minimizes vehicle and pedestrian 
sight distance problems 
 Requires additional no-parking restrictions 
 Encourages jaywalking 
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(a) Near-side: bus stop is immediately before the intersection in the direction of travel 
 
 
 
(b) Far-side: bus stop is immediately after the intersection in the direction of travel 
 
 
 
(c) Mid-block: bus stop is within the block 
 
Figure 2.6.1: Bus stop locations on city corridors. 
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Bus stops are placed to give direct access to transit from the intersection or nearby 
land use (Fitzpatrick et al. 1996). In urban areas, stops are placed next to sidewalks; in 
rural areas, it is not uncommon for stops to be placed in grass or dirt. When placing a stop 
next to a sidewalk, a concrete pad is laid to provide visual cues, convenience, and 
protection from puddles and mud. The pad can contain such amenities as a bench, a 
shelter, a trash receptacle, or bike racks. The size of the pad varies depending on 
amenities present at the stop. Transit agencies typically have a primary pad configuration 
and one or two accessory-pad variations for use when space constraints apply. When 
possible, the pad is placed such that the waiting patrons will not interfere with at least 
three feet of sidewalk right-of-way for passersby (Fitzpatrick et al. 1996). The pad can be 
located on either side of the sidewalk so long as space is available. 
Bus stop shelters are constructed at bus stops for many reasons, most notably for 
protection from the elements. They also attract riders, provide information, give visual 
cues for route layouts, and support the pedestrian network (Law and Taylor 2001; Project 
for Public Spaces, Inc 1997). Shelter designs can vary widely between transit agencies, 
though according to the Americans with Disabilities Act (ADA) of 1990, they are 
required to have a vertical clearance of at least 6’8”, entrances at least 2’8” wide, and 
enclose a minimum clear area of 2’6” wide by 4’0” deep, as shown in Figure 2.6.2 (U.S. 
Architectural and Transportation Barriers Compliance Board 2002). Typical shelter width 
is 10 feet wide (Fitzpatrick et al. 1996). Shelters may have up to a six inch clearance 
between the ground and the bottom of the panels for ventilation and debris management 
(Fitzpatrick et al. 1996). Within the confines of the concrete pad, the shelter is limited in 
its placement to avoid interference with nearby buildings, arriving buses, and ADA 
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compliance. Shelters must be at least 12” from a building, and at least 2’0” from the 
roadway to avoid conflicts with a bus’s side-view mirror, as shown in Figure 2.6.3. 
 
Figure 2.6.2: Minimum shelter design dimensions for ADA compliance. (Fitzpatrick 
et al. 1996). 
 
 
Figure 2.6.3: Shelter clearance distances. (Fitzpatrick et al. 1996). 
 
Shelters are commonly made of Plexiglas panels with metal support frames. The 
arrangement of panels can be used to characterize the shelter. For instance, shelters may 
be grouped according to the number of panels used to construct the walls. Orientation of 
a shelter is characterized by the direction in which the opening faces, and is at the 
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discrepancy of the transit agency. Fitzpatrick et al. (1996) recommend considering 
environmental characteristics when orienting shelters, to either block or contain the sun’s 
heat and prevailing winds.  
Shelters are often installed at a stop on the basis of meeting an established 
minimum threshold of boardings. Three principal factors affect placement of shelters at 
bus stops: 1) number of boardings and alightings, 2) major origins and destinations, and 
3) major transfer points (Law and Taylor 2001). Prevailing practice suggests a minimum 
threshold of 50 to 100 daily boardings to justify the installation of a bus stop shelter in 
urban environments (Fitzpatrick et al. 1996). Shelters, then, denote bus stops where high 
volumes of passengers are waiting in close proximity to traffic. 
Bus stops present a unique exposure scenario in which transit patrons are 
routinely waiting in close proximity to vehicles, including large diesel buses. Wang et al. 
(2010) developed a model to examine exposure levels at a bus station, modeling both 
diesel and compressed natural gas (CNG) buses and taking into account various driving 
conditions including cruising, deceleration, idling and accelerating. It was found that 
acceleration distance was a key factor involved in estimating PM levels, and no 
significant emissions increases were observed at idling locations (Wang et al. 2010). 
Only one study has evaluated air quality specifically at and within bus stop 
shelters. Hess et al. (2010) evaluated commuter exposure to PM2.5 for passengers waiting 
at seven bus stop shelters in Buffalo, NY, finding that time of day, passenger waiting 
location, land use and presence of cigarette smoke have a statistically significant effect on 
PM concentrations. Inside the bus shelter, PM2.5 levels were measured at 16.24 µg/m3, 
and outside, levels were measured at 14.72 µg/m3. A statistical model developed for the 
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study suggests an 18 percent increase in PM2.5 inside a bus shelter versus outside the 
shelter. The study design, however, leaves room for further investigation. Sample 
durations were short (30 minute) and traffic data were not collected; Hess et al. (2010) 
observed morning levels that are higher than evening levels but do not indicate if this 
may be due to temperature or directional flow of commuter traffic. Longer sample 
durations could provide insights into morning/evening peak hour fluctuations. Only one 
type of shelter design is studied: shelters that face towards the roadway. This literature 
review was unable to find a published study that has examined differences in shelter 
orientation with a focus on air quality concerns. 
 
Table 2.6.2: Bus Stop Exposure Summary 
 Exposure 
 UFP (pt/cm3) PM1.0 (µg/m3) PM2.5 (µg/m3) PM10 (µg/m3) 
(Hess et al. 2010) - - 
16.24            
(inside shelter) 
14.72          
(outside shelter) 
- 
“-“ = Not Applicable 
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3. EXPERIMENTAL DESIGN AND DATA COLLECTION 
3.1. Problem Statement 
This thesis aims to answer three hypotheses arising from the previous literature 
review. As shown, particulate levels are affected by one specific type of bus stop shelter 
design. Hess et al. (2010) have already shown that particulate levels are significantly 
different inside and outside a shelter facing the roadway. The first hypothesis of this 
thesis expands upon the findings by Hess et al. (2010) and examines whether particulate 
levels are affected by a different type of shelter design (that is, whether particulate levels 
are the same inside and outside the new type of shelter). The second and third hypotheses 
go further and ask whether orienting a shelter differently with respect to the roadway 
increases or decreases particulate exposure inside the shelter. 
Concepts for each of these hypotheses are summarized in Table 3.1.1 and 
discussed in the remaining sections of this chapter. 
 
Table 3.1.1: Study Hypotheses 
Hypothesis H0 H1 
When a shelter faces away from 
the roadway, average particulate 
levels are different inside than 
outside the shelter 
(two-tailed) 
Average particulate 
concentrations are the same 
inside and outside the shelter 
Average particulate levels are not 
the same inside and outside the 
shelter 
Average particulate levels are less 
inside than outside for a shelter 
facing away from the roadway 
(one-tailed) 
Average particulate levels inside 
the shelter are greater than or 
equal to the outside  
Average particulate levels are less 
inside the shelter than outside 
Average particulate levels are 
greater inside than outside for a 
shelter facing towards the 
roadway 
(one-tailed) 
Average particulate levels inside 
the shelter are less than or equal 
to the outside 
Average particulate levels are 
greater inside the shelter than 
outside 
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3.2. Site Description 
Bus shelters selected for monitoring are located along Powell Boulevard, a major 
east-west arterial located approximately two miles southeast of the central business 
district (CBD) of Portland, OR. Powell Boulevard serves as a commuter thoroughfare for 
the outlying suburbs, with high inbound morning traffic volumes and high outbound 
evening traffic volumes. Land use along the corridor is primarily one- and two-story 
commercial buildings. 
There are 31 bus stops along the two-mile stretch of roadway selected for 
analysis. Of these 31 stops, 17 feature shelters. Shelters are characterized according to the 
number of panels in their design, the depth of the shelter, and the orientation of the 
shelter. Shelters are primarily placed near-side and far-side, with only two placed in mid-
block locations. 
There are four shelter layouts, characterized in Table 3.2.1 as Shelter A, B, C, or 
D. The panels of the shelter determine its layout. Panels that form an opening facing the 
roadway are described as oriented towards the roadway (Figure 3.2.1). Similarly, panels 
that form an opening facing away from the roadway are described as oriented away from 
the roadway (Figure 3.2.2). Shelter type A is the most predominant type of shelter layout, 
placed at 12 locations. The next most predominant shelter types are Shelter B and Shelter 
C, each placed at two locations. It appears the four locations of Shelter B and Shelter C 
are spatially constrained, hence the absence of Shelter A, which is larger than either 
Shelter B or Shelter C. 
This study focuses on three shelters on Powell Boulevard (Figure 3.2.3). Shelters 
were chosen primarily for their orientation. The shelter at Location 1 is oriented away 
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from the roadway while the shelters at Locations 2 and 3 are oriented towards the 
roadway. Shelters facing the roadway were chosen due to their prevalence along the 
corridor, and Shelter A was chosen over Shelter B for its use as the primary shelter 
layout. Shelter C was chosen for its unique orientation away from the roadway, despite 
being shallower in depth than Shelter A. 
 
 
Figure 3.2.1: Shelter facing towards 
roadway. 
 
 
Figure 3.2.2: Shelter facing away from 
roadway.
 
Table 3.2.1: Bus Stop Shelter Characteristics along Powell Boulevard 
Shelter Layout A B C D E 
Number of Panels 3 3 3 4 No Shelter 
Depth 4’3” 2’3” 2’3” 4’3” - 
Orientation to 
Roadway Toward Toward Away Both - 
Layout 
    
- 
Pl
ac
em
en
t 
Near-
side 4 1 1 1 0 
Far-side 6 1 1 0 2 
Mid-
block 2 0 0 0 12 
Total 12 2 2 1 14 
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The chosen shelters have similar surrounding built environments, taking into 
consideration similar building heights behind the shelters to control for wind 
characteristic effects. Table 3.2.1 and Table 3.2.2 summarize characteristics of the 
shelters and the roadway. Figure 3.2.4 shows the built environment surrounding the 
shelters. 
 
Table 3.2.2: Detailed Roadside Environment Characteristics of Study Locations 
Shelter 
Characteristics 
Location 1 
(facing away from 
roadway) 
Location 2 
(facing toward 
roadway) 
Location 3 
(facing towards 
roadway) 
Shelter Type C A A 
Near-side/Far-side Near-side Near-side Far-side 
Eastbound/Westbound 
on Powell 
Westbound 
(Inbound) 
Westbound 
(Inbound) 
Eastbound 
(Outbound) 
Cross Street 21st Ave 26th Ave 39th Ave 
Distance to Curb 2’0” 9’0” 12’6” 
Distance to 
Intersection 24’0” 12’0” 70’0” 
Built Environment 
Behind Shelter 
Multi-story building, 
12’0” behind shelter 
Multi-story building, 
20’0” behind shelter 
Multi-story building, 
3’6” behind shelter 
Annual Average Daily 
Traffic (2009)* 35,300 31,500 34,100 
Percent Trucks, 
Morningǂ (Powell) 12.4% 18.6% 4.5% 
Percent Trucks, 
Eveningǂ (Powell) 9.7% 17.1% 5.5% 
Approximate Morning 
Bus Headway 8 minutes 8 minutes 20 minutes 
Approximate Evening 
Bus Headway 15 minutes 15 minutes 7 minutes 
Average Boardings 
per hour, Morning 1.2 1.0 1.9 
Average Boardings 
per hour, Evening 1.6 1.9 2.8 
*http://www.oregon.gov/ODOT/TD/TDATA/tsm/docs/2009_TVT.pdf
ǂ Vehicle length > 20 feet 
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Figure 3.2.3: Shelter location overview, courtesy Google.com. (North towards top of 
page.) 
 
1 2 3
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(a) 
 
(b) 
 
(c) 
Figure 3.2.4: Built environment characteristics for (a) Location 1, (b) Location 2, 
and (c) Location 3. Aerial photography courtesy Google.com. (North towards top of 
page.) 
  
 28 
3.3. Instrumentation 
Particulate matter concentrations were monitored both inside and outside the 
shelter simultaneously to control for any changes in environmental conditions. PM1.0, 
PM2.5, and PM10 measurements were made using two DustTrak DRX Aerosol Monitors 
(TSI Model 8533). DustTrak monitors are capable of measuring concentrations between 
1 µg/m3 and 150,000 µg/m3, and have a resolution of ±0.1% of reading or 0.001 mg/m3, 
whichever is greater. Both units were calibrated to a zero filter prior to each use. UFP 
measurements were made using two P-Trak Ultrafine Particle Counters (TSI Model 
8525), capable of measuring concentrations between zero particles/cm3 and 5×105 
particles/cm3 and particle sizes between 0.02 μm to 1 μm in diameter. The DustTraks and 
P-Traks were started simultaneously and operated continuously at one-second resolutions 
for the entirety of the sampling period. Before data collection, both sets of instruments 
were run side-by-side in the laboratory to ensure that measurements were highly 
correlated (r2= 0.996). 
Device intake points were set at five feet above the ground, following standard 
practice observed in similar studies (Hess et al. 2010; Kaur, Nieuwenhuijsen, and Colvile 
2005; Gulliver and Briggs 2004; Adams et al. 2001). Inside the shelter, intake points 
were placed in the center of the shelter, approximately six inches from the rear panel 
(referenced as “inside monitor”). Outside the shelter (referenced as “outside monitor”), 
intake points were placed three feet from the shelter, mimicking the distance set by Hess 
et al. (2010), at the same distance from the curb as the inside monitor. Devices were 
randomly rotated between inside and outside locations at the beginning of each sampling 
period (morning and afternoon periods). 
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Placement of the outside monitor required an assumption about where patrons 
would most likely congregate while waiting for bus arrivals. Location 3 set the precedent 
for other locations due to the presence of a concrete pad next to one side of the shelter, 
providing patrons an additional place to stand while waiting for the bus. The other side of 
the shelter is unpaved and laid with mulch. Assuming patrons would most likely choose 
to wait on the paved side rather than the unpaved side, monitoring the paved side would 
replicate exposure. The concrete pad is located upstream (against the flow of traffic) of 
the Location 1 shelter. To maintain consistency, the outside location was then placed 
upstream at Location 1 and Location 2. For near-side shelters (Locations 1 and 2), this 
setup results in the outside monitor being farther from the intersection than the monitor 
inside the shelter; for the far-side shelter (Location 3), the outside monitor is closer to the 
intersection than the monitor inside the shelter. 
Wind speed and direction were measured using an RM Young Ultrasonic 
Anemometer (Young Model 81000), placed next to the outside location particulate 
monitors. The wind speed sensor has a range of 0-40 m/s, and an accuracy of ±1% rms 
for wind speeds up to 30 m/s and ±3% rms for wind speeds 30-40 m/s. The wind 
direction sensor has an accuracy of ±2 degrees for wind speeds up to 30 m/s and ±5 
degrees for wind speeds 30-40 m/s. The anemometer was placed as close to the outside 
particulate monitors as possible, slightly upstream from the shelter. 
Traffic data were collected using an RTMS G4 unit (ISS Model K4-LV-CAM). 
The RTMS (Remote Traffic Microwave Sensor) unit is a radar sensor capable of 
providing per-lane presence as well as volume, occupancy, speed and classification 
information. The RTMS unit is designed for mid-block operation and depends on vehicle 
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movement for detection, and does not reliably note vehicles if they come to a stop in its 
field of view. To counter problems associated with vehicle queuing, the unit was placed 
approximately 60-70 feet away from the intersection in an effort to avoid stopping 
vehicles. A major limitation of the RTMS unit is that it was only capable of recording 
traffic in the direction of travel closest to the bus stop shelter. For instance, at Location 1 
traffic data were only collected for the westbound direction of travel. This amounts to 
three lanes of travel (See Section 3.1 for lanes of travel at each location). In effect, only 
half of the roadway was captured for each location, and thus only half of traffic. 
Temperature and relative humidity data were gathered from a nearby fixed 
monitoring station. The station is located 1.2 miles, 0.97 miles, and 0.15 miles away from 
Locations 1, 2, and 3, respectively. Data were available in approximately five-minute 
intervals, and were interpolated to smaller intervals to match the rest of the data. For 
reasons discussed in Section 2.4, care must be taken when interpreting temperature and 
relative humidity analysis given shortcomings associated with fixed monitoring stations 
in this type of study. 
 
  
 31 
3.4. Sampling 
Particulate matter concentration data were collected during morning peak (7:00 
am – 9:00 am) and evening peak (4:00 pm – 6:00 pm) periods at each shelter. Data were 
collected on two different days at each shelter, yielding two morning and two evening 
sample sets for each location. Data collection occurred primarily on Fridays between late 
March and mid-May, with one collection on a Tuesday at both Location 1 and Location 
3. Collection days were rotated between shelters so as to best account for gradual changes 
in meteorological conditions as winter progressed to spring. Table 3.4.1 details data 
collected on each date and at each location. 
Data were not collected during one evening period at Location 1 due to poor 
weather conditions. Data were only partially collected for one morning period at Location 
2 due to a power issue when the batteries for one device failed unexpectedly. Wind speed 
and direction were collected during four sampling periods: morning wind data on April 8 
and April 29, evening wind data on March 22 and May 13. Wind data were unable to be 
collected on other collection dates due to poor weather conditions. 
 
Table 3.4.1: Data Collected by Date 
  Location 1 Location 2 Location 3 April 5 April 29 April 8 May 13 March 22 April 15 
M
or
ni
ng
 UFP       
PM1.0-PM10       
Wind       
Traffic       
Ev
en
in
g UFP       
PM1.0-PM10       
Wind       
Traffic       
        
  
 
Data 
Collected  
Outside Shelter Data 
Not Collected  
Data Not 
Collected 
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4. RESULTS 
4.1. Summary 
Data for each sample date were combined into one data frame for analysis. Data 
were organized into dependent and independent variables. Table 4.1.1 provides 
definitions and units for each variable, as well as its classification. 
All data were aggregated from five-second intervals to one-minute intervals and 
all analysis is based on this level of resolution unless otherwise noted. Table 4.1.2 
presents summary statistics for all days, discussed further in the remainder of this section. 
The mean UFP concentration was 34,815 pt/cc for all data collected. The mean 
values of PM1.0, PM2.5, and PM10 were 21.53, 22.02, and 24.98 µg/m3, respectively. 
These values, shown in Table 4.1.2, are in line with existing literature results for near-
road conditions. 
Independent variables investigated include orientation to the roadway, bus stop 
location (near side or far side), vehicle flow, heavy vehicle flow, wind speed, wind 
direction, temperature, and relative humidity. 
Vehicle flow averaged 1,285 vehicles per hour. Note that this unit of measure is 
not vehicles per hour per lane. Rather, this is an average of all lanes of travel in the 
direction closest to the shelter (three lanes at each shelter). 
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Table 4.1.1: Variable Definitions 
Variables Definition Unit 
DEPENDENT VARIABLES 
UFP Continuous variable describing concentration pt/cc 
PM1.0 Continuous variable describing concentration µg/m3 
PM2.5 Continuous variable describing concentration µg/m3 
PM10 Continuous variable describing concentration µg/m3 
INDEPENDENT VARIABLES 
Location   
Location 1 Dummy variable, =0 if Location 2 or 3; =1 otherwise 0,1 
Location 2 Dummy variable, =0 if Location 1 or 3; =1 otherwise 0,1 
Location 3 Dummy variable, =0 if Location 1 or 2; =1 otherwise 0,1 
Vehicles   
Vehicle Flow Continuous variable describing number of vehicles present veh/hour 
Vehicle Flow – lagged Continuous variable describing number of vehicles present in previous one, two, or three minutes veh/hour 
Heavy Vehicle (Truck) Flow Continuous variable describing number of heavy vehicles present (defined as length > 6 m) veh/hour 
Heavy Vehicle Flow – lagged Continuous variable describing number of heavy vehicles present in previous one, two, or three minutes veh/hour 
Weather   
Wind Speed Continuous variable describing wind speed m/s 
Wind Speed – lagged Continuous variable describing wind speed in previous one, two, or three minutes m/s 
Wind Direction – Towards 
Shelter 
Percent of wind blowing towards the shelter over a 
one-minute interval % 
Wind Direction – Away from 
Shelter 
Percent of wind blowing away from the shelter over a 
one -minute interval % 
Wind Direction – With the 
Direction of Traffic 
Percent of wind blowing in the direction of traffic 
closest to the shelter over a one-minute interval % 
Wind Direction – Against the 
Direction of Traffic 
Percent of wind blowing against the direction of traffic 
closest to the shelter over a one-minute interval  % 
Wind Direction – lagged Percent of wind blowing in each direction over the previous one, two, or three-minute interval % 
Temperature Continuous variable describing temperature degrees Celsius 
Relative Humidity Continuous variable describing relative humidity % 
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Table 4.1.2: Summary Statistics, All Data 
Variable Mean Median Minimum Maximum SD N 
DEPENDENT VARIABLES 
UFP (pt/cc) 34,815 28,497 4,508 256,243 25,223 2,462 
PM1.0 (ug/m3) 21.53 14.80 3.96 171.83 19.46 2,286 
PM2.5 (ug/m3) 22.02 15.16 4.02 178.69 19.89 2,286 
PM10 (ug/m3) 24.98 18.19 4.53 308.65 22.13 2,286 
INDEPENDENT VARIABLES 
Vehicles 
Vehicle Flow (veh/hr) 1,285 1,200 60 3,180 624 2,378 
Heavy Vehicle Flow (veh/hr) 107 60 0 600 122 2,378 
Weather 
Temperature (°C) 48.82 47.40 31.80 73.00 10.34 2,462 
Relative Humidity (%) 70.57 85.00 26.00 94.00 24.06 2,462 
Wind Speed (m/s) 0.83 0.77 0.16 1.96 0.31 890 
 
Temperature averaged 49°C over a wide range, 31°C-73°C, indicative of 
changing conditions between morning and evening sampling times. Similarly, relative 
humidity ranged from 26% to 94%, averaging 71%. 
Wind speed averaged less than 1 m/s. Wind direction statistics were not collected 
but are further discussed in Section 4.5. 
 
4.2. Summary by Location 
To further investigate the summary statistics and elicit differences between each 
sampling location, data were divided by location. These data are shown in Table 4.2.1, 
Table 4.2.2, and Table 4.2.3 for Location 1, 2, and 3, respectively. 
Generally, average particulate levels were different between inside and outside 
locations. This phenomenon is discussed further in Section 4.3. Average vehicle flow was 
roughly the same at Locations 1 and 2, and slightly less at Location 3. The same follows 
for average heavy vehicle flow. 
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Table 4.2.1: Summary Statistics, Location 1 
Variable Mean Median Minimum Maximum SD 
DEPENDENT VARIABLES 
UFP (pt/cc) Inside 30,226 21,803 7,344 162,242 23,798 Outside 36,862 28,078 8,064 157,374 25,970 
PM1.0 (ug/m3) 
Inside 16.50 15.80 3.96 68.39 9.32 
Outside 16.62 14.80 6.07 87.00 9.18 
PM2.5 (ug/m3) 
Inside 17.13 16.71 4.02 70.77 9.72 
Outside 17.22 15.27 6.19 89.14 9.55 
PM10 (ug/m3) 
Inside 20.86 20.39 4.53 82.52 11.82 
Outside 18.94 16.89 7.11 91.61 9.79 
INDEPENDENT VARIABLES 
Vehicle Flow (veh/hr) 1,374 1,320 240 2,580 509 
Heavy Vehicle Flow (veh/hr) 121 120 0 480 104 
Temperature (°C) 46 42 40 57 7 
Relative Humidity (%) 76 86 52 91 16 
Wind Speed (m/s) 0.90 0.84 0.35 1.62 0.30 
 
Table 4.2.2: Summary Statistics, Location 2 
Variable Mean Median Minimum Maximum SD 
DEPENDENT VARIABLES 
UFP (pt/cc) Inside 27,549 17,359 4,508 256,243 25,590 Outside 27,365 16,083 5,406 153,094 23,782 
PM1.0 (ug/m3) 
Inside 24.56 14.95 4.69 82.56 21.10 
Outside 12.09 12.98 4.58 27.13 3.85 
PM2.5 (ug/m3) 
Inside 24.89 15.30 4.81 83.24 21.20 
Outside 12.28 13.26 4.63 27.48 3.89 
PM10 (ug/m3) 
Inside 27.84 18.40 5.64 88.22 22.01 
Outside 15.75 17.29 5.81 51.10 5.27 
INDEPENDENT VARIABLES 
Vehicle Flow (veh/hr) 1,312 1,320 60 2,820 591 
Heavy Vehicle Flow (veh/hr) 151 120 0 600 144 
Temperature (°C) 53 60 32 73 14 
Relative Humidity (%) 55 35 26 91 27 
Wind Speed (m/s) 0.88 0.84 0.16 1.96 0.33 
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Table 4.2.3: Summary Statistics, Location 3 
Variable Mean Median Minimum Maximum SD 
DEPENDENT VARIABLES 
UFP (pt/cc) Inside 49,040 43,497 13,602 161,844 25,586 Outside 38,515 34,639 7,389 121,753 18,764 
PM1.0 (ug/m3) 
Inside 28.65 18.00 4.73 171.83 27.19 
Outside 25.86 16.65 4.31 87.24 21.82 
PM2.5 (ug/m3) 
Inside 29.54 18.74 4.84 178.69 28.39 
Outside 26.19 17.14 4.39 87.45 21.81 
PM10 (ug/m3) 
Inside 32.76 20.57 5.13 308.65 35.28 
Outside 28.90 20.75 5.12 89.18 21.41 
INDEPENDENT VARIABLES 
Vehicle Flow (veh/hr) 1,194 990 60 3,180 713 
Heavy Vehicle Flow (veh/hr) 49 0 0 480 77 
Temperature (°C) 46 45 40 53 5 
Relative Humidity (%) 83 94 49 94 16 
Wind Speed (m/s) 0.64 0.61 0.24 1.24 0.21 
 
Turning to the hypotheses stated in Section 3.1, data from Location 1 was used to 
address the first hypothesis statement: Particulate levels are different inside a shelter than 
outside a shelter facing away from the roadway. A standard two-tailed, paired student t-
test was run with the alternative hypothesis that average particulate concentrations inside 
the shelter are not equal to average particulate concentrations outside the shelter. The 
results are presented in Table 4.2.4. The mean of the difference was consistently different 
across all four particulate sizes, though only significant for three: UFP, PM1.0, and PM2.5. 
Table 4.2.4: Student t-test Results for Location 1 
Particulate Mean of the Differences t-value p-value 
Significant at 
α=0.05 
 Location 1 (H1: Inside has a different mean than outside) 
UFP (pt/cc) -6,636 -10.51 0.000 Yes 
PM1.0 (µg/m3) -1.02 -4.92 0.000 Yes 
PM2.5 (µg/m3) -1.05 -5.04 0.000 Yes 
PM10 (µg/m3) 1.02 3.67 0.999 No 
 
 
The null hypothesis is rejected for the three significant particulate sizes, providing 
enough evidence that the difference in particulate concentrations between the inside and 
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outside of the shelter is significant. These results are in line with literature and 
compliment the findings of Hess et al. (2010). There was not enough evidence to reject 
the null hypothesis for PM10. 
 
4.3. Orientation 
The primary investigation of this study was to determine whether particulate 
concentrations were statistically different inside a bus stop shelter than outside the shelter 
conditional on the orientation of the shelter. To this end, the results are divided by “inside 
shelter” or “outside shelter” classifications. Results are presented in Table 4.3.1, Table 
4.3.2, and Table 4.3.3. 
Table 4.3.1: Summary Statistics, Location 1 
Variable Mean Median Minimum Maximum SD 
SHELTER FACING AWAY FROM ROADWAY (N=670) 
UFP (pt/cc) 
Morning 
Inside 36,704 26,774 7,493 162,242 25,994 
Outside 44,707 36,185 12,138 157,374 27,577 
Evening 
Inside 17,153 14,280 7,344 61,434 9,590 
Outside 21,032 18,122 8,064 72,765 11,316 
PM1.0 (ug/m3) 
Morning 
Inside 21.41 18.79 11.76 68.39 8.19 
Outside 19.10 17.07 6.07 87.00 9.90 
Evening 
Inside 8.63 7.49 3.96 26.77 4.21 
Outside 11.79 10.49 6.68 38.46 4.75 
PM2.5 (ug/m3) 
Morning 
Inside 22.37 19.82 11.83 70.77 8.41 
Outside 19.94 18.02 6.19 89.14 10.23 
Evening 
Inside 8.72 7.64 4.02 26.85 4.21 
Outside 11.92 10.61 6.74 38.61 4.76 
PM10 (ug/m3) 
Morning 
Inside 27.41 25.92 12.52 82.52 10.11 
Outside 21.81 19.94 7.11 91.61 10.39 
Evening 
Inside 10.36 9.49 4.53 28.50 4.56 
Outside 13.31 12.13 7.38 39.73 4.90 
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Examining UFP concentrations, average outside concentrations are greater than 
average inside concentrations at Location 1, the only shelter facing away from the 
roadway. Results are less consistent for Locations 2 and 3, facing towards the roadway. 
At Location 2, average morning UFP concentrations are greater outside, but are greater 
inside in the evening. At Location 3, average morning and evening UFP concentrations 
are greater inside the shelter. In general, these results match expectations and support the 
hypothesis that concentrations will be lesser inside the shelter if the shelter is oriented 
away from the roadway. 
 
Table 4.3.2: Summary Statistics, Location 2 
Variable Mean Median Minimum Maximum SD 
SHELTER FACING AWAY FROM ROADWAY (N=932) 
UFP (pt/cc) 
Morning 
Inside 43,545 37,508 11,190 256,243 28,978 
Outside 45,714 43,198 15,467 153,094 22,655 
Evening 
Inside 12,742 11,792 4,508 42,914 5,339 
Outside 10,381 9,537 5,406 34,212 3,720 
PM1.0 (ug/m3) 
Morning 
Inside 39.73 43.82 14.22 82.56 21.63 
Outside 13.31 12.98 10.67 17.48 1.61 
Evening 
Inside 10.52 10.64 4.69 37.46 3.77 
Outside 11.54 12.51 4.58 27.13 4.39 
PM2.5 (ug/m3) 
Morning 
Inside 40.19 44.11 14.61 83.24 21.65 
Outside 13.61 13.26 10.93 17.81 1.62 
Evening 
Inside 10.73 10.86 4.81 37.66 3.80 
Outside 11.69 12.66 4.63 27.48 4.43 
PM10 (ug/m3) 
Morning 
Inside 43.64 46.88 16.86 88.22 22.46 
Outside 17.66 17.37 13.97 24.86 2.09 
Evening 
Inside 13.21 13.61 5.64 40.15 4.55 
Outside 14.91 17.18 5.81 51.10 5.98 
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Examining PM1.0, PM2.5, and PM10 concentrations reveals little in the way of 
trends for all three locations. For morning conditions, average concentrations for all three 
particulate sizes are consistently greater inside the shelter at all three locations. While 
shelters facing towards the roadway would be expected to have higher concentrations 
inside, this was an unexpected outcome for Location 1, facing away from the roadway. 
Evening measurements revealed the opposite trend, in that all three particulate 
sizes were almost always (with one exception) greater outside the shelter than inside at all 
three locations. 
 
Table 4.3.3: Summary Statistics, Location 3 
Variable Mean Median Minimum Maximum SD 
SHELTER FACING AWAY FROM ROADWAY (N=860) 
UFP (pt/cc) 
Morning 
Inside 53,672 48,697 18,287 161,844 24,171 
Outside 44,328 40,206 15,980 114,322 17,800 
Evening 
Inside 44,097 37,698 13,602 161,267 26,180 
Outside 32,312 26,728 7,389 121,753 17,791 
PM1.0 (ug/m3) 
Morning 
Inside 45.66 48.57 15.69 171.83 28.67 
Outside 41.46 52.62 14.09 87.24 20.24 
Evening 
Inside 10.49 10.02 4.73 25.16 3.51 
Outside 9.20 8.77 4.31 21.23 2.99 
PM2.5 (ug/m3) 
Morning 
Inside 47.10 48.91 16.51 178.68 30.20 
Outside 41.87 52.84 14.61 87.45 20.11 
Evening 
Inside 10.79 10.44 4.84 25.68 3.57 
Outside 9.45 9.09 4.39 21.34 3.02 
PM10 (ug/m3) 
Morning 
Inside 51.99 50.11 18.16 308.65 40.42 
Outside 44.39 53.84 18.03 89.18 19.38 
Evening 
Inside 12.25 12.33 5.13 28.06 4.01 
Outside 12.36 12.80 5.12 24.26 4.06 
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Examining magnitudes of concentrations reveals additional information about the 
effects of shelter orientation on particulate concentrations. When the shelter faces the 
roadway, particulate measurements inside the shelter were, on average across all 
particulate levels, 29 percent more than measurements outside the shelter. In contrast, 
when the shelter faces away from the roadway, measurements inside the shelter were one 
percent less than measurements outside the shelter. 
Time series plots were created to show inside and outside particulate 
concentrations for the duration of each sampling period. Figure 4.3.1 shows morning 
peak UFP and PM2.5 concentrations inside and outside the shelter at each shelter location 
for three dates: April 5, May 13, and March 22 for Locations 1, 2, and 3, respectively. 
Data are aggregated to 5-minute intervals to remove noise and emphasize trends. Shelters 
facing towards the roadway (Locations 2 and 3) display opposing trends compared to the 
shelter facing away from the roadway (Location 1). Particulate levels at Location 1 are 
generally greater outside the shelter, and spikes in concentration levels are more 
pronounced outside the shelter. Particulate levels at Locations 2 and 3 are generally 
greater inside the shelter, and spikes in concentration levels are more pronounced inside 
the shelter. All sampling periods are shown in Appendix C. 
To determine the statistical significance of the average particulate concentrations, 
standard one-tailed, paired student t-tests were used to evaluate whether the mean 
particulate concentration levels inside the bus shelter were significantly different than 
mean particulate concentration levels outside the shelter, conditional on the shelter 
orientation. Establishing an alternative hypothesis was dependent on the conditions 
outlined in Table 3.1.1. The alternative hypothesis for Location 1 is that average 
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concentrations inside the shelter are less than the outside; for Locations 2 and 3, the 
alternative hypothesis is that average concentrations inside the shelter are greater than the 
outside. 
 
Table 4.3.4: Student t-test Results for Statistical Significance 
Particulate Mean of the Differences t-value p-value 
Reject H0 at 
α=0.05 
 Location 1 (H1: Inside has a lesser mean than outside) 
UFP (pt/cc) -6,636 -10.51 0.000 Yes 
PM1.0 (µg/m3) -1.02 -4.92 0.000 Yes 
PM2.5 (µg/m3) -1.05 -5.04 0.000 Yes 
PM10 (µg/m3) 1.02 3.67 0.999 No 
 Location 2 (H1: Inside has a greater mean than outside) 
UFP (pt/cc) 184 0.32 0.374 No 
PM1.0 (µg/m3) 0.71 3.22 0.001 Yes 
PM2.5 (µg/m3) 0.80 3.62 0.000 Yes 
PM10 (µg/m3) -0.10 -0.42 0.661 No 
 Location 3 (H1: Inside has a greater mean than outside) 
UFP (pt/cc) 10,525 15.91 0.000 Yes 
PM1.0 (µg/m3) 2.79 4.12 0.000 Yes 
PM2.5 (µg/m3) 3.35 4.54 0.000 Yes 
PM10 (µg/m3) 3.87 3.33 0.000 Yes 
 
 
The information in Table 4.3.4 allows a deeper understanding of the mean 
concentrations presented in the summary statistics. Results were not entirely consistent, 
but generally, particulate levels were found to be significantly greater (α=0.05) inside the 
bus shelter when the shelter faces towards the roadway, and significantly greater outside 
the bus shelter when the shelter faces away from the roadway. 
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(a) 
 
(b) 
Figure 4.3.1: Morning (a) UFP and (b) PM2.5 concentrations inside and outside the 
bus shelter at each shelter location. 
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4.4. Time of Day 
Substantial differences between morning and evening average concentrations led 
to an investigation of comparative time of day concentrations. Concentration levels 
reflect higher morning concentrations, similar to results found in other studies (Adams, 
Nieuwenhuijsen, and Colvile 2001; Adams et al. 2001; Hess et al. 2010). Morning 
concentrations were found to be, on average, 227% higher than evening concentrations 
across all particulate levels and all shelter sampling locations. Such patterns are likely 
attributed to atmospheric conditions (temperature, relative humidity) and air circulation 
patterns, but may also be explained by morning and evening peak hour traffic flow. Two 
shelters are located on the westbound (inbound to CBD) side of Powell Boulevard, and 
one is located on the eastbound (outbound from CBD) side. Table 4.4.1 shows the 
average of morning and evening concentrations at each shelter. Concentrations are 
reported as the average of inside and outside shelter data.  
In all instances, particulate concentration levels were greater during the morning 
period, often substantially so. The likeliest explanatory variable to explain such a 
dramatic change is atmospheric conditions; in this study, temperature and relative 
humidity received particular attention. Both experienced changes in magnitude between 
morning and evening sampling periods, indicating potential explanatory power for 
dramatic changes in particulate concentration levels. This idea is expanded further in 
Chapter 5. 
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Table 4.4.1: Comparative Average Time of Day Concentrations 
  Location 1 (westbound) 
Location 2 
(westbound) 
Location 3 
(eastbound) 
Date April 29 April 8 May 13 March 22 April 15 
UFP* 
(pt/cc) 
33,848 
19,092 1.77 
53,573 
11,402 4.7 
34,850 
11,725 2.97 
51,016 
29,961 1.71 
47,123 
46,292 1.02 
PM1.0* 
(µg/m3) 
17.11 
10.20 1.68 
59.67 
8.06 7.4 
15.62 
14.06 1.11 
22.23 
10.38 2.14 
63.41 
9.32 6.8 
PM2.5* 
(µg/m3) 
17.32 
10.31 1.68 
60.14 
8.20 7.33 
15.99 
14.27 1.12 
22.89 
10.77 2.13 
64.58 
9.48 6.81 
PM10* 
(µg/m3) 
18.80 
11.82 1.59 
64.16 
10.29 5.94 
19.43 
17.89 1.09 
25.48 
14.40 1.77 
69.31 
10.25 6.76 
*italic type indicates average morning concentrations, regular type indicates average evening 
concentrations 
*bold type indicates morning vs. evening ratio 
Traffic† 
(veh/hr) 
1,054 
1,537 
7% 
10% 
1,452 
1,104 
11% 
12% 
1,054 
1,619 
14% 
10% 
673 
1,650 
2% 
3% 
1,385 
1,069 
6% 
5% 
Temperature† 
(°C) 
42 
55 0.76 
33 
60 0.55 
48 
71 0.68 
40 
52 0.77 
44 
49 0.90 
Relative 
Humidity† 
(%) 
86 
54 1.59 
90 
27 3.33 
75 
32 2.34 
85 
55 1.55 
94 
94 1.00 
†italic type indicates average morning values, regular type indicates average evening values 
†bold type indicates percent trucks (vehicles) or morning vs. evening ratio (temperature and relative 
humidity) 
NOTE: April 5 (Location 1) omitted due to lack of evening data. See Table 3.4.1. 
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4.5. Wind Speed and Direction 
The effects of wind characteristics on particulate concentrations are investigated 
with a caveat pertaining to the ability of a single anemometer to accurately represent the 
complicated environment surrounding each bus shelter. Without comprehensive 
measurements at each particulate monitor (i.e. an anemometer directly adjacent to each 
sampling device), the results from one anemometer must be presented as a unique case-
by-case depiction of wind-particulate relationships at a specific placement. 
Initially, wind characteristics were investigated using a series of visual plots 
discussed below. Following exploratory analysis, wind data were separated into two 
categories: wind speed and wind direction. Wind direction data are inherently difficult to 
organize for analysis because they are recorded as a degree (i.e. 0-360°). Additionally, 
raw data were collected in five-second intervals, but analysis was conducted using one-
minute intervals. Aggregating degrees is cumbersome and, if done improperly, can lead 
to errors in the analysis output. 
An innovative method was devised to aggregate directional data from five 
seconds (in degrees) to one minute (in percentage), essentially capturing the percentage 
of one minute that the wind was blowing in a certain direction. Data were grouped into 
the ordinal directions shown in Table 4.5.1. Over a one-minute interval, the number of 
occurrences of each direction were summed, and then divided by the total sum of 
occurrences for that interval. The result is a set of variables describing, for instance, how 
long the wind blew northward during the minute-long interval in question. 
Comparing ordinal directions between shelters is unintuitive given that wind 
blowing north at Location 1 is blowing towards the shelter while wind blowing north at 
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Location 3 is blowing away from the shelter. As a means of normalizing wind direction, 
four new variables were created to address nomenclature discrepancies. The four 
variables capture: wind blowing towards the shelter, wind blowing away from the shelter, 
wind blowing in the direction of the flow of traffic closest to the shelter, and wind 
blowing against the flow of traffic closest to the shelter. These variables are summarized 
in Table 4.5.1. Further discussion and use of these variables is discussed in Chapter 5. 
 
Table 4.5.1: Wind Direction Categories 
Direction N NE E SE S SW W NW 
Corresponding 
Degrees 
337.5°- 
22.5° 
22.5°- 
67.5° 
67.5°- 
112.5° 
112.5°- 
157.5° 
157.5°- 
202.5° 
202.5°- 
247.5° 
247.5°- 
292.5° 
292.5°- 
337.5° 
Location 1 & 2 Towards Shelter Against Away from Shelter With 
Towards 
Shelter 
Location 3 Away from Shelter With Towards Shelter Against 
Away 
from 
Shelter 
 
 
Figure 4.5.1 shows sample plots of observed concentrations of UFP and PM2.5 
varying by wind speed and direction at each shelter location using polar plots for three 
dates: April 29, May 13, and March 22 for Locations 1, 2, and 3, respectively. 
Interactions between all particulates and wind speed and direction measurements are 
shown in Appendix D. In these plots, the angular coordinate is the wind direction and the 
radial coordinate is the wind speed. Wind speeds are denoted by concentric circles 
incremented to units of 0.5 m/s. At each of the coordinates in the two-dimensional plane, 
the third dimension is plotted based on a color-scale gradient. Higher concentrations are 
shown as red hues on the scale gradient and indicate concentration levels most affected 
by wind direction. Each vertical pair of plots represent inside (top) and outside (bottom). 
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For instance, the UFP concentrations at Location 1 are highest when the wind is from the 
east. Shelter orientation relative to cardinal directions is given in the figure descriptions. 
The plots in Figure 4.5.1, as well as those in Appendix C, were created using the OpenAir 
package in the statistical software program R (Carslaw and Ropkins 2011). 
The figure indicates UFP concentrations are at their highest when winds are from 
the east (Figure 4.5.1a, shelter facing north) and from the southwest (Figure 4.5.1c, 
shelter facing north). PM2.5 concentrations are highest when winds are from the north, 
though Figure 4.5.1c shows PM2.5 concentrations both inside and outside the shelter 
unaffected by any one wind direction. 
Wind direction affects particulate concentrations differently in each shelter 
location and for each shelter orientation. Figure 4.5.1c best illustrates discrepancies in 
particulate behavior: UFP concentrations inside and outside the shelter are equally 
affected by wind direction, as evidenced by the highest concentrations, which are always 
affected by westerly winds, increasing with intensity. At the same time, PM2.5 
concentrations appear to be unaffected by wind direction outside the shelter, indicated by 
uniform hues in all directions, while concentrations inside the shelter are minimally 
affected by easterly wind directions at very low wind speeds, evidenced by slightly 
higher hues. 
Increasing wind speed generally results in lower concentrations, although this is 
not always the case. UFP concentrations inside the shelter in Figure 4.5.1c increase with 
wind speed, indicating potential entrapment of particles within the shelter. PM2.5 
concentrations inside the shelter at the same location are unaffected by wind speed, in 
contrast with concentrations outside the shelter which exhibit expected behavior. 
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(a) Location 1, shelter facing north 
 
(b) Location 2, shelter facing south 
 
(c) Location 3, shelter facing north 
Figure 4.5.1: Bivariate polar plots illustrating wind speed and direction effects on 
UFP and PM2.5 concentrations at each location. 
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4.6. Vehicle Flow 
Vehicle flow data were recorded during each sampling period. The RTMS unit 
was calibrated to record vehicle counts every five seconds for the direction of travel 
closest to the bus stop shelter. As discussed in Section 3.3, the scope of the RTMS unit 
was limited. At Locations 1 and 2, three lanes in the westbound direction, including one 
left turn lane, were monitored. At Location 3, three lanes in the eastbound direction were 
monitored.  
The bulk of analysis concerning vehicle flow is conducted in Chapter 5. However, 
time series plots provide intuitive information about correlations between vehicle flow 
and particulate concentrations. Descriptive time series plots of vehicle data overlaid with 
particulate concentrations is available in Appendix E.  
Plots of interest are highlighted in this section. Figure 4.6.1 shows a sample of 
vehicle flow and either morning UFP concentrations (Figure 4.6.1a) or evening PM2.5 
concentrations (Figure 4.6.1b) inside and outside bus shelter locations. Particulate 
concentrations are averaged to 5-minute intervals. Vehicle counts are shown in 5-minute 
aggregated intervals. In several cases, upward or downward traffic trends were observed, 
notably during the morning sampling period at Location 3 (Figure 4.6.1), in which traffic 
flow gradually rises from 7:00 am – 8:00 am before leveling off. 
The morning sampling period at Location 2 exhibits a downward trend in vehicle 
flow until 8:00 am followed by a gradual rise that continues until the end of the sampling 
period at 9:00 am. Such a traffic flow pattern is unexpected; Location 2 is positioned on 
the inbound traffic side of the road and traffic volumes are expected to be at their highest 
in the morning rush hour between 7:00 am – 9:00 am. 
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(b) 
Figure 4.6.1: Morning UFP (a) and evening PM2.5 (b) concentrations at each bus 
shelter location overlaid with hourly vehicle flow. 
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5. ANALYSIS 
All analysis was conducted using the statistical software program R. R is a 
language and environment for statistical computing and graphics, providing a wide 
variety of statistical and graphical techniques. 
 
5.1. Log Transformation 
Initially, the dependent data were checked for normality and found to be 
universally skewed to the right. To decrease the skew, dependent data were log-
transformed prior to being placed in the model. An example of the effects of log 
transformation on normality is shown in Figure 5.1.1 and Figure 5.1.2. UFP density 
distribution plots are shown first for non-transformed data to illustrate the skew. Particle 
concentrations are primarily distributed in the 0-50,000 pt/cc range with outliers up to 
approximately 250,000 pt/cc. In addition, quantile-quantile (QQ) plots are shown in 
which data are plotted against a line drawn between their first and third quartiles. 
Deviation from the line indicates non-normality. The effect of the log transformation is 
data that are more appropriate for regression analysis, seen in both the density 
distribution and QQ plots.  
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Figure 5.1.1: Sample comparisons of UFP distributions, shelter facing roadway. 
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Figure 5.1.2: Sample comparisons of UFP distributions, shelter facing away from 
roadway.  
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5.2. Correlation 
To investigate initial relationships between each particulate size and independent 
variables, Pearson correlations were calculated for each associated pair (i.e. UFP and 
vehicles, PM10 and temperature, etc.). This process was conducted for log-transformed 
dependent variables, as well. Complete correlation results are presented in Appendix A. 
For non-log transformed data, correlation results were generally inconsistent 
between particulates and independent variables. For instance, UFP in Table 0.1 exhibit 
noteworthy negative correlation (-0.35) with vehicle flow inside the shelter at Location 1, 
but fail to do so at any other location. Correlations were most consistently observed 
between particulates of all sizes and temperature (generally negative) or humidity 
(generally positive).  
In addition to testing correlations with independent variables, particulates were 
also tested against each other, revealing extremely high positive correlations between 
PM1.0, PM2.5, and PM10 (~0.95). Correlations between UFP and larger particulate sizes 
were inconsistent, ranging from 0.25-0.75, and one instance of negative correlation 
outside the shelter at Location 2. 
To investigate the relationship with independent variables further, a Pearson test 
for association (α=0.05) was performed between vehicle, weather, and particulate 
variables. Vehicle flow was subdivided into vehicles (all vehicles) and heavy vehicles 
(vehicles with length > 6 m). Reasoning that high correlations between PM1.0, PM2.5, and 
PM10 made correlation tests for each redundant, only PM2.5 correlations were performed 
for this analysis. Results are presented in Table 5.2.1. 
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Table 5.2.1: Association Correlation Test (UFP and PM2.5) 
 Inside Outside 
 UFP PM2.5 UFP PM2.5 
 r p r p r p r p 
 Location 1 (Shelter Facing Away from Roadway) 
Vehicles -0.04 0.464 -0.13 0.040 -0.03 0.591 -0.03 0.591 
Heavy Veh -0.15 0.008 -0.15 0.022 -0.14 0.018 -0.06 0.310 
Wind Speed -0.04 0.660 -0.08 0.549 -0.04 0.708 0.01 0.949 
W
in
d 
D
ire
ct
io
n TS -0.07 0.457 0.07 0.609 -0.04 0.653 -0.05 0.614 
AS -0.04 0.682 0.00 0.991 -0.01 0.895 0.21 0.041 
WT 0.19 0.055 -0.03 0.844 0.15 0.123 0.09 0.406 
AT -0.15 0.130 0.00 0.988 -0.14 0.165 -0.27 0.007 
Temperature -0.43 0.000 -0.69 0.000 -0.46 0.000 -0.41 0.000 
Rel. Humidity 0.43 0.000 0.69 0.000 0.47 0.000 0.43 0.000 
 Location 2 (Shelter Facing Towards Roadway) 
Vehicles 0.03 0.476 0.13 0.006 0.03 0.478 0.27 0.000 
Heavy Veh 0.00 0.928 0.06 0.183 0.03 0.461 0.02 0.688 
Wind Speed -0.29 0.000 -0.42 0.000 -0.32 0.000 0.02 0.787 
W
in
d 
D
ire
ct
io
n TS 0.10 0.133 0.33 0.000 0.23 0.000 0.08 0.375 
AS -0.07 0.301 -0.16 0.012 -0.10 0.112 -0.03 0.782 
WT 0.08 0.219 0.29 0.000 0.18 0.006 0.23 0.013 
AT -0.05 0.412 -0.26 0.000 -0.18 0.007 -0.03 0.736 
Temperature -0.61 0.000 -0.84 0.000 -0.80 0.000 0.23 0.000 
Rel. Humidity 0.64 0.000 0.82 0.000 0.79 0.000 0.31 0.000 
 Location 3 (Shelter Facing Towards Roadway) 
Vehicles -0.09 0.064 0.04 0.460 -0.16 0.001 0.07 0.148 
Heavy Veh 0.01 0.827 0.13 0.005 -0.03 0.493 0.17 0.000 
Wind Speed -0.11 0.252 -0.03 0.730 -0.05 0.601 -0.02 0.813 
W
in
d 
D
ire
ct
io
n TS 0.04 0.722 0.09 0.353 -0.02 0.863 -0.03 0.741 
AS -0.07 0.511 -0.03 0.771 -0.11 0.270 -0.02 0.819 
WT 0.05 0.636 -0.12 0.238 0.07 0.488 -0.14 0.157 
AT -0.01 0.931 0.06 0.518 -0.05 0.635 0.16 0.108 
Temperature -0.24 0.000 -0.42 0.000 -0.37 0.000 -0.49 0.000 
Rel. Humidity 0.38 0.000 0.40 0.000 0.24 0.000 0.47 0.000 
r = Pearson correlation coefficient, p = observed significance level 
bold r-values indicate significance at p = 0.05 level 
“TS” = Towards Shelter, “AS” = Away from Shelter, “WT” = With Traffic, “AT” = 
Against Traffic 
 
Significant correlations were consistently observed between temperature and 
relative humidity for both UFP and PM2.5. In most instances, temperature is negatively 
correlated, though it is positively correlated with PM2.5 outside the shelter at Location 2. 
Several unexpected results are highlighted, indicating correlations with signs opposite of 
the expected. Positive correlations with temperature are an unexpected result given the 
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trends observed in Section 4.4. Relative humidity was consistently observed to have a 
significant positive correlation with both particulate sizes. 
 
Table 5.2.2: Association Correlation Test (logUFP and logPM2.5) 
 Inside Outside 
 logUFP logPM2.5 logUFP logPM2.5 
 r p r p r p r p 
 Location 1 (Shelter Facing Away from Roadway) 
Vehicles -0.09 0.146 -0.12 0.054 -0.08 0.175 0.00 0.975 
Heavy Veh -0.18 0.002 -0.16 0.012 -0.159 0.006 -0.07 0.239 
Wind Speed -0.05 0.594 -0.04 0.754 -0.04 0.657 0.03 0.782 
W
in
d 
D
ire
ct
io
n TS -0.08 0.402 0.06 0.674 -0.06 0.515 -0.09 0.382 
AS -0.04 0.666 -0.02 0.879 -0.01 0.959 0.21 0.041 
WT 0.19 0.051 0.01 0.964 0.17 0.089 0.15 0.152 
AT -0.15 0.138 -0.02 0.875 -0.15 0.116 -0.33 0.001 
Temperature -0.52 0.000 -0.81 0.000 -0.57 0.000 -0.51 0.000 
Rel. Humidity 0.51 0.000 0.81 0.000 0.57 0.000 0.52 0.000 
 Location 2 (Shelter Facing Towards Roadway) 
Vehicles 0.04 0.4000 0.12 0.013 -0.03 0.521 0.25 0.000 
Heavy Veh -0.02 0.721 0.06 0.217 0.03 0.528 0.03 0.568 
Wind Speed -0.42 0.000 -0.44 0.000 -0.38 0.000 -0.00 0.964 
W
in
d 
D
ire
ct
io
n TS 0.23 0.000 0.35 0.000 0.32 0.000 0.10 0.270 
AS -0.13 0.043 -0.18 0.006 -0.17 0.010 -0.03 0.750 
WT 0.20 0.002 0.33 0.000 0.29 0.000 0.23 0.011 
AT -0.16 0.016 -0.29 0.000 -0.25 0.000 -0.04 0.696 
Temperature -0.74 0.000 -0.83 0.000 -0.89 0.000 0.17 0.001 
Rel. Humidity 0.81 0.000 0.88 0.000 0.90 0.000 0.37 0.000 
 Location 3 (Shelter Facing Towards Roadway) 
Vehicles -0.13 0.008 -0.01 0.842 -0.16 0.001 -0.01 0.862 
Heavy Veh -0.01 0.907 0.08 0.084 -0.03 0.555 0.09 0.052 
Wind Speed -0.14 0.154 -0.05 0.642 -0.09 0.343 -0.02 0.826 
W
in
d 
D
ire
ct
io
n TS 0.07 0.465 0.06 0.570 0.02 0.823 -0.04 0.655 
AS -0.09 0.360 -0.02 0.851 -0.11 0.271 0.00 0.992 
WT -0.01 0.894 -0.12 0.218 -0.01 0.894 -0.17 0.094 
AT 0.04 0.657 0.09 0.371 0.03 0.776 0.17 0.090 
Temperature -0.32 0.000 -0.60 0.000 -0.42 0.000 -0.63 0.000 
Rel. Humidity 0.45 0.000 0.40 0.000 0.27 0.000 0.45 0.000 
r = Pearson correlation coefficient, p = observed significance level 
bold r-values indicate significance at p = 0.05 level 
“TS” = Towards Shelter, “AS” = Away from Shelter, “WT” = With Traffic, “AT” = 
Against Traffic 
 
Wind speed significantly affected particulates only at Location 2. As expected, 
correlations are negative, indicating a dispersion effect. 
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Vehicle and heavy vehicle flow was inconsistently observed to significantly 
correlate with particulate levels. Literature suggests a positive correlation, though 
correlations were primarily negative in these data. Location 1 exhibited the most 
significant vehicle correlations, perhaps due to its close proximity to the roadway relative 
to the other shelters (~0.5 m). 
The inconsistencies in these results indicate the complexity of the environment 
surrounding the bus stop shelters, and the effect such complexity has on particulate 
concentrations.  
 
5.3. Linear Regression 
Correlations alone are not enough to explain the relationship between multiple 
variables and particulate concentrations. A series of linear regression models were 
estimated to further explain the correlations found in Section 5.2. The reader is directed 
to Table 4.1.1 for variable definitions in the models and for explanation of dummy 
variable values. 
Given high correlations between PM1.0, PM2.5, and PM10, only PM2.5 is included 
in the regression analysis, along with UFP. This paper uses log-transformed particulate 
data for all regression analysis. Select log-transformed regression models are included in 
Appendix B, though non-log-transformed models are also included in Appendix B for 
reference. For the remainder of this section, however, all references to Appendix B will 
imply reference to the log-transformed data. 
Initially, three location-specific linear regression models were estimated, each 
representing a different category of variables: location, traffic, and weather. Categorized 
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models are shown in Appendix B. From these categorized models, general conclusions 
were drawn about the influence of each category on particulate concentrations. Following 
this, all variables were combined into a comprehensive model. In an iterative process, 
non-significant variables were removed from the model and the model was re-run until 
all included variables were statistically significant at α = 0.05. 
Before the models were estimated, the expected signs of the coefficients were 
noted, in order to better judge the regression results. The expected signs are shown in 
Table 5.3.1. These signs were chosen based on findings in the literature as well as 
findings from the correlation tables in Section 5.2. 
 
Table 5.3.1: Expected Coefficient Signs for Regression Analysis 
Independent 
Variable 
Location 
1 
Location 
3 
Vehicles/Heavy 
Vehicles 
Wind 
Speed 
Wind 
Direction Temp 
Rel. 
Humidity 
Loc1 Loc3 V/HV WS WD T RH 
Expected 
Coefficient 
Sign 
(–) (–) (+) (–) (–) (–) (+) 
 
Location 1 and Location 3 are singled out for their unique built environment 
attributes: Location 1 is the only location with a shelter facing away from the roadway, 
and Location 3 is the only location on the far-side of an intersection. The reasoning 
behind this decision is discussed on the next page. 
The regression model is structured in the theoretical form shown in Equation 5.1, 
where ݕො is the dependent variable, ߚ଴෢ is the intercept, ߚప෡  is the ith coefficient, and ௜ܺ is 
the given value of the ith variable. The  ̂ symbol denotes sample data, as opposed to 
population data. 
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ݕො ൌ ߚ଴෢ ൅ ߚప෡ ௜ܺ ݂݋ݎ ݅ ൌ 1…݊ (5.1)
 
With the expected signs as stated, the theoretical linear regression equation can 
then be proposed, shown in Equation 5.2: 
 
ݕො ൌ ߚ଴෢ െ ߚଵ෢ܮ݋ܿ1 െ ߚଶ෢ܮ݋ܿ3 ൅ ߚଷ෢ܸ ൅ ߚସ෢ܪܸ െ ߚହ෢ܹܵ െ ߚ଺෢ܹܦ െ ߚ଻෢ܶ
൅ ߚ෢଼ܴܪ 
(5.2)
 
The primary variables of interest in each model are the location-specific variables, 
capturing the unique qualities of Location 1 and Location 3. As dummy variables, the 
regression is comparing whether concentration levels are greater or lesser at each location 
than the other locations. For example, the Loc1 variable compares particulate 
concentrations at Location 1 against Locations 2 and 3. Ideally, the regression would 
compare an orientation-specific variable, but shortcomings in the number of shelters 
sampled limit the ability of the model to compare orientation without inadvertently 
capturing other location factors inherent to Location 1, which is the only shelter facing 
away from the roadway. 
 The regression tables in this section, as well as those in Appendix B, show the 
estimated coefficients of each variable, the sum of the squared standard error, as well as 
the t-statistic and the associated statistical significance. Statistical significance is 
indicated by the number of stars, with corresponding p-values given at the bottom of the 
table (significance accepted at α=0.05). 
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The two remaining sections in Chapter 5 present results from the categorical and 
comprehensive models, respectively. All categorical models are presented in Appendix 
B. Select comprehensive models are presented in this chapter. 
 
5.3.1 Categorical Models 
Each of the three categories in the categorized linear regression model reveals the 
expected level of influence on particulate concentrations. The adjusted R2 in Table 0.1, 
for instance, shows that the “location” model explains 21% of UFP concentration 
variability inside the shelter. The “traffic” model only explains 5%. The “weather” model 
is the most descriptive, explaining over half of UFP concentration variability. This 
pattern is repeated for the other categorized regression models, with the “traffic” model 
consistently explaining less than 5% of particulate variability. 
Low adjusted R2 values for the traffic models were unexpected, given the amount 
of literature linking emissions with roadway particulate concentration levels. Two 
possible explanations may account for the low adjusted R2. First, as mentioned in Section 
3.3, the RTMS vehicle monitoring unit was only able to capture approximately half of the 
roadway environment. Capturing the entire roadway would give more explanatory power 
to the traffic models. Second, controlling the multitude of other variables, especially 
weather, may severely reduce the resolution of traffic-specific influences. Emissions from 
vehicles may be attributed in these models to wind, for instance, because the wind 
transfers the emissions from the roadway to the shelter. 
 62 
The “weather” category explains as much as 78% of particulate variability for 
UFP concentrations (Table 0.2) and as much as 73% of particulate variability for PM2.5 
concentrations (Table 0.3). 
The categorical models in this section do not account for time lags for variables. 
In the following section, time lags were investigated and shown to affect significance of 
the vehicle variables. A time-lagged vehicle category in this section, then, would be 
expected to explain a larger percentage of particulate variation. 
 
5.3.1 Comprehensive Models 
The comprehensive regression models estimated in this study are more descriptive 
and better represent the entire environment surrounding the shelters by estimating all 
variable coefficients simultaneously. As such, they are the focus for the remainder of this 
section. 
Comprehensive models were estimated in three parts. First, all variables were 
combined and those that were non-significant (at α=0.05) were removed sequentially. 
These results are displayed in Table 5.3.2 through Table 5.3.5. Second, select variables 
were lagged up to three minutes (in units of one minute) and checked for significance. 
Lagged variables included vehicle flow, wind speed, and wind direction. Third, 
interactions between groups of variables were investigated. The Loc1 and Loc3 variables 
were tested for interaction with wind-related variables to compare wind effects for a 
shelter facing away from the roadway versus towards the roadway. Vehicle flow was 
tested for interaction with both wind speed and wind direction to compare particulate 
levels when wind blows towards the shelter in the presence of a vehicle. Significant 
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interactions were added to the models and the results are displayed in Table 5.3.6 through 
Table 5.3.9. 
The exponential coefficient -0.67 for PM2.5 inside the shelter (Table 5.3.4) is the 
ratio of the expected geometric mean for the shelter facing away from the roadway over 
the expected geometric mean for the shelter facing towards the roadway, holding constant 
all other variables. The ratio can be expressed as expሺ݋ݎ݅݁݊ݐܽݐ݅݋݊ሻ ൌ െexpሺ0.67ሻ ൌ
െ1.95. Thus, PM2.5 levels are expected to decrease an average of 95% when inside the 
shelter at Location 1, holding constant all other variables. Such a substantial decrease is a 
surprising result given the results presented in Section 4.2 and Section 4.3, in which 
observed PM2.5 concentration decreases were not as pronounced as the model predicts. 
Weather was a consistently significant descriptor in the models. Temperature 
and/or relative humidity were significant in every model. In several instances during 
processing, temperature and relative humidity were both significant, but the sign of one 
was the opposite of expected. This was not consistent with the expectations outlined in 
Table 5.3.1. For example, temperature and relative humidity both had negative 
coefficients in the model for UFP inside the shelter, indicative of high correlation and 
near multicolinearity. To correct the issue, one of the two variables was removed – 
whichever had the least effect on the overall model. 
Relative to Location 2 (the reference point), UFP levels inside the shelter are 
expected to decrease an average of 6% per degree Celsius increase in temperature, 
holding constant all other variables. That is, the ratio of the expected change in the 
geometric mean is expሺݐ݁݉݌݁ݎܽݐݑݎ݁ሻ ൌ െexpሺ0.03ሻ ൌ െ1.03. PM2.5 levels inside the 
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shelter are expected to decrease a relative average of 6% per degree Celsius increase in 
temperature as well, holding constant all other variables. 
Wind speed and direction were intermittently significant. Wind speed was only 
significant in the model for UFP inside the shelter. The sign is consistent with 
expectations, and UFP levels are expected to decrease an average of 23% with an 
incremental increase in wind speed (measured in m/s), holding constant all other 
variables. PM2.5 levels outside the shelter are expected to decrease an average of 21% 
when wind blows against the direction of traffic for one minute. 
 
 
Table 5.3.2: Comprehensive Linear Regression Model (logUFP Inside) 
logUFP (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 11.89 0.07 162.4 *** 
Weather 
Wind Speed -0.21 0.06 -3.4 *** 
Temperature -0.03 0.00 -23.1 *** 
Adjusted R2 0.59 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
 
 
Table 5.3.3: Comprehensive Linear Regression Model (logUFP Outside) 
logUFP (outside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 12.57 0.07 179.8 *** 
Location 
Location 1 -0.07 0.03 -2.1 * 
Location 3 0.21 0.03 7.0 *** 
Weather 
Temperature -0.05 0.00 -40.1 *** 
Adjusted R2 0.62 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 5.3.4: Comprehensive Linear Regression Model (logPM2.5 Inside) 
logPM2.5 (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 3.69 0.24 15.3 *** 
Location 
Location 1 -0.67 0.04 -16.0 *** 
Location 3 -0.43 0.04 -10.2 *** 
Weather 
Temperature -0.03 0.00 -9.1 *** 
Relative Humidity 0.01 0.00 8.9 *** 
Adjusted R2 0.53 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
 
Table 5.3.5: Comprehensive Linear Regression Model (logPM2.5 Outside) 
logPM2.5 (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 3.46 0.08 42.3 *** 
Location 
Location 1 0.95 0.07 13.2 *** 
Weather 
Wind Direction     
Against Traffic -0.19 0.08 -2.4 * 
Relative Humidity -0.02 0.00 -13.0 *** 
Adjusted R2 0.36 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
 
 
Additionally, vehicle and heavy vehicle variables were lagged, in one-minute 
intervals, to investigate the possible influence of time-lagged vehicle presence on 
particulate concentrations. Lagged heavy vehicle variables were not significant in any 
model. Lagged vehicle variables, however, were consistently significant. Lagged 
significance explains the time it takes vehicle-based pollution to reach the shelter from 
the roadway. 
Interactions between wind characteristics and the location dummy variables 
yielded significance in Table 5.3.6, the UFP concentrations inside the shelter. UFP 
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concentrations are expected to be lower when wind speed at Location 1 increases, and 
higher when wind blows in the direction of traffic at Location 1. Finally, interactions 
between lagged vehicles, wind speed, and lagged wind direction were estimated to lower 
UFP concentrations outside the shelter. 
The models in Table 5.3.6 through Table 5.3.9 are presented as the “final” linear 
regression models. 
 
Table 5.3.6: Final logUFP Linear Regression Model, Inside Shelter 
logUFP (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 11.65 0.11 103.0 *** 
Weather 
Wind Speed -0.17 0.06 -2.6 *** 
Temperature -0.03 0.00 -24.3 *** 
Lag Variables 
Vehicles Lag 2 0.00012 0.00004 3.1 *** 
Vehicles Lag 3 0.00013 0.00004 3.3 *** 
Interaction 
Location 1 : Wind Speed -0.27 0.11 -2.5 *** 
Location 1 : Wind 
Direction, With Traffic 0.81 0.20 4.1 *** 
Adjusted R2 0.66 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 5.3.7: Final logUFP Linear Regression Model, Outside Shelter 
logUFP (outside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 12.28 0.09 140.0 *** 
Location 
Location 3 0.16 0.04 4.2 *** 
Weather 
Temperature -0.05 0.00 -40.7 *** 
Lag Variables 
Vehicles Lag 2 0.000065 0.00003 2.0 * 
Vehicles Lag 3 0.000072 0.00003 2.3 * 
Interaction 
Vehicles Lag 3 : 
Wind Speed  
Dummy : Wind 
Direction, With 
Traffic, Dummy, 
Lag 3 
-0.00013 0.00006 -2.1 * 
Adjusted R2 0.82 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
 
 
Table 5.3.8: Final logPM2.5 Linear Regression Model, Inside Shelter 
logPM2.5 (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 3.35 0.24 14.1 *** 
Location 
Location 1 -0.74 0.04 -17.3 *** 
Location 3 -0.40 0.04 -9.8 *** 
Weather 
Temperature -0.03 0.00 -10.6 *** 
Rel. Humidity 0.01 0.00 9.2 *** 
Lag Variables 
Vehicles Lag 1 0.0001 0.00003 3.7 *** 
Vehicles Lag 2 0.0002 0.00003 7.7 *** 
Vehicles Lag 3 0.0001 0.00003 3.2 ** 
Adjusted R2 0.57 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 5.3.9: Final logPM2.5 Linear Regression Model, Outside Shelter 
logPM2.5 (outside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 1.69 0.16 10.7 *** 
Location 
Location 3 -1.05 0.10 -10.3 *** 
Weather 
Rel. Humidity 0.03 0.004 5.8 *** 
Lag Variables 
Vehicles Lag 2 0.000056 0.00002 3.1 ** 
Vehicles Lag 3 0.000052 0.00002 2.9 ** 
Wind Speed Lag 2 0.074 0.030 2.5 * 
Wind Direction, 
With Traffic Lag 1 1.853 0.654 2.8 ** 
Interaction 
Location 3 : Wind 
Direction, With 
Traffic Lag 1 
-1.904 0.659 -2.9 ** 
Adjusted R2 0.81 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
 
The classical assumptions of linear regression state that the error terms of 
successive periods must be uncorrelated. Time series models are prone to serial 
correlation because the error term from one time period depends in some systematic way 
on the value of the error term in other time periods. As a preliminary method to 
investigate serial correlation, residuals for each model were plotted in Figure 5.3.1. Serial 
correlation is evident in the PM2.5 Inside plot, particularly for April 5 (morning) and May 
13 (morning), in which residuals follow a trend. Similar autocorrelation effects are 
evident in the other residual plots, as well. 
Final models were tested for autocorrelation using the Durbin-Watson test (Table 
5.3.10). All four models exhibit positive autocorrelation, indicating correlation between 
successive error terms. 
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Figure 5.3.1: Model residuals for each particualte size. 
 
 
Table 5.3.10: Durbin-Watson Test Results 
Particulate DW Test Statistic Autocorrelated? 
UFP Inside Shelter 0.6279 Yes 
UFP Outside Shelter 0.5555 Yes 
PM2.5 Inside Shelter 0.1731 Yes 
PM2.5 Outside Shelter 0.6691 Yes 
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To correct for some degree of positive serial correlation, autoregressive error 
terms were estimated using the AR(1) autorregresive model of degree one. The results are 
displayed in Table 5.3.11 through Table 5.3.14. 
The addition of the autoregressive term alters significance of variables in all 
models. Notably, lagged vehicle variables become universally insignificant at α = 0.05. 
The location dummy variables generally remains significant. 
In some instances, the sign of the coefficient changes. In the PM2.5 Outside model 
(Table 5.3.14), the humidity variable becomes negative and no longer agrees with 
expectations. 
Durbin-Watson tests were run on the autoregressive models and improvement in 
autocorrelation was made in every case (Table 5.3.15). The autoregressive results 
demonstrate the need for further time series analysis and a better understanding of the 
lagging effects on particulate concentrations. 
 
Table 5.3.11: Final UFP Model + Autoregresive Term, Inside Shelter 
logUFP Inside  
Variable Parameter SE p 
ar(1) 0.74 0.03 0.000 
Intercept 11.74 0.18 0.000 
Weather 
Temp -0.03 0.00 0.000 
Wind Speed -0.06 0.05 0.063 
Lag Variables 
Vehicles Lag 2 0.00006 0.00005 0.072 
Vehicles Lag 3 0.00006 0.00005 0.064 
Interaction 
Location 1 : Wind 
Speed -0.15 0.11 0.043 
Location 1 : Wind 
Direction, With 
Traffic 
0.40 0.13 0.000 
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Table 5.3.12: Final UFP Model + Autoregresive Term, Outside Shelter 
logUFP Outside  
Variable Parameter SE p 
ar(1) 0.76 0.02 0.000 
Intercept 12.52 0.16 0.000 
Location 
Location 3 0.26 0.07 0.000 
Weather 
Temp -0.05 0.00 0.000 
Lag Variables 
Vehicles Lag 2 0.00003 0.00003 0.068 
Vehicles Lag 3 0.00003 0.00003 0.077 
 
 
Table 5.3.13: Final PM2.5 Model + Autoregresive Term, Inside Shelter 
logPM2.5 Inside  
Variable Parameter SE p 
ar(1) 0.94 0.01 0.000 
Intercept 2.17 0.79 0.002 
Location 
Location 1 -0.36 0.12 0.001 
Location 3 -0.25 0.15 0.022 
Weather 
Temp -0.01 0.01 0.050 
Rel. Humidity 0.02 0.00 0.000 
Lag Variables 
Vehicles Lag 1 0.000006 0.00002 0.199 
Vehicles Lag 2 0.000013 0.00003 0.159 
Vehicles Lag 3 0.000011 0.00003 0.170 
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Table 5.3.14: Final PM2.5 Model + Autoregresive Term, Outside Shelter 
logPM2.5 Outside  
Variable Parameter SE p 
ar(1) 0.83 0.03 0.000 
Intercept 2.67 0.13 0.000 
Location 
Location 3 -0.38 0.08 0.000 
Weather 
Rel. Humidity -0.003 0.00 0.020 
Lag Variables 
Vehicles Lag 2 0.00003 0.00008 0.185 
Vehicles Lag 3 0.00003 0.00009 0.193 
Lag Variables 
Wind Speed Lag 2 0.07 0.04 0.011 
Wind Direction, 
With Traffic Lag 1 -0.06 0.11 0.150 
Interaction 
Location 3 : Wind 
Direction, With 
Traffic Lag 1 
-0.04 0.12 0.192 
 
 
Table 5.3.15: Durbin-Watson Test Results for Autoregressive Term 
Particulate DW Test Statistic 
UFP Inside Shelter 1.40 
UFP Outside Shelter 1.51 
PM2.5 Inside Shelter 1.56 
PM2.5 Outside Shelter 1.61 
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6. DISCUSSION 
Previous studies have reinforced the influence of location, vehicle, and 
environmental variables categorized in this study, at least to a degree. This study, 
however, is among the first to investigate the role shelter orientation plays in particulate 
concentration levels. 
While results were not consistent, data collected rejected each of the three null 
hypotheses proposed in Section 3.1. Average particulate concentration levels were 
generally found to be significantly different inside and outside a shelter facing away from 
the roadway. These findings complement those of Hess et al. (2010), who found levels to 
be different for a shelter facing towards the roadway. 
Additionally, average particulate concentration levels were generally found to be 
significantly greater inside the bus shelter when the shelter faces towards the roadway, 
and significantly greater outside the bus shelter when the shelter faces away from the 
roadway. 
Given the volatile nature of a near-road micro-environment and the limited ability 
of instruments used in this study to capture all aspects of the environment, it would be 
unreasonable to expect results to consistently uphold (or dispel) hypotheses. With enough 
data, however, confident conclusions can be made pertaining to the orientation of the 
shelter. It is not unreasonable to state that orienting a shelter away from the roadway has 
the potential to aid in shielding bus patrons from particulate matter compared to a shelter 
facing towards the roadway. 
Shelter orientation is an issue due to the shape of the shelter, which encloses a 
volume of air subject to different interactions with air pollution than the open roadway 
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environment. When the shelter faces the roadway, this enclosed volume of air may be 
described as a “trap” for particulates, suspending particulate matter in an enclosed area 
where dispersion does not immediately take place.  
Allowing for increased airflow through a shelter that faces the roadway could 
increase circulation and speed dispersal of particulates. Shelter designs exist such that the 
side panels are made of a porous wire mesh rather than Plexiglas windows. A shelter 
oriented towards the roadway, and outfitted with porous side walls, would allow 
increased airflow and could potential eliminate the “trap” effect. 
 Particulates from the roadway are not immediately introduced into a shelter 
facing away from the roadway, allowing time for dispersion. This effect is shown in 
Figure 4.3.1 as spikes in concentration are typically less inside the shelter at Location 1, 
indicating a “buffer” or “dilution” effect. Such buffer effects are particularly important at 
shelters very close to the roadway (less than five feet), as is the case at Location 1. 
Shelters situated within close proximity to the roadway would be exposed to the highest 
particulate concentrations that have not yet dispersed over greater distances. 
Understanding and controlling for the built environment is essential to accurately 
interpreting the results of this study. Care was taken to select shelters with similar 
surroundings, but inevitably some variation will require compensation. The built 
environment is not substantially different at Location 3, with two exceptions. First, the 
cross street, 39th Avenue, is markedly busier than the cross streets at Locations 1 and 2. 
Monitoring cross street vehicle volumes could add descriptive power to this analysis. 
Second, a gas station is present across the street, 25 meters from the shelter. 
Unfortunately, only one far-side shelter was examined in this study; more far-side 
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shelters will need to be investigated before definitive conclusions can be made about the 
influence of shelter location relative to the intersection on particulate concentration 
levels. 
Conclusions regarding placement of shelters either near-side or far-side relative to 
an intersection are difficult to make from the inconsistent regression model results. 
Depending on the particulate size, the Loc3 variable (which controls in part for 
intersection placement) can be either positive or negative, and can vary by an order of 
magnitude. 
Regular vehicle flow and heavy vehicle flow was inconsistently observed to 
significantly correlate with particulate levels. Literature suggests a positive correlation, 
though correlations were primarily negative in these data. Location 1 exhibited the most 
significant correlations, perhaps due to its close proximity to the roadway (~0.5 m). 
Categorized regression models demonstrated the inability of the vehicle data to 
explain particulate concentrations. The vehicle-specific models explained no more than 
5% of the particulate variation. Compared to the location- and weather-specific models, 
this is a negligible amount of explanatory power. Vehicle flow in the comprehensive 
models was found to be significant when lagged up to three minutes, indicating 
particulate matter concentrations are affected long after a vehicle has left the area. 
Vehicle significance was expected based on a review of literature, though this 
study is considerably less comprehensive than past studies in terms of documenting 
vehicle presence. The RTMS unit used to measure vehicle activity was not capable of 
monitoring the entire roadway, instead only monitoring the direction of travel closest to 
the shelter. In effect, this study monitored just half of the roadway environment. 
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A limited investigation of vehicle classification effects on particulates was 
conducted by isolating heavy vehicle flow as a variable. No significance was found for 
such vehicles, though this could be attributable to a lack of observed instances more than 
an accurate representation of heavy vehicle influences. Previous literature has shown a 
definite influence of large, diesel-powered vehicles on particulate concentrations, 
especially UFP. 
Further investigation will need to consider a more detailed vehicle classification 
variable, which may help to explain spikes in concentration such as the PM2.5 spikes at 
Location 3 (e.g. Figure 0.2). 
Evening particle concentrations are significantly lower on average than morning 
concentrations. This study has shown temperature and relative humidity to be a primary 
cause of diurnal variation, though consideration can be made for vehicular influences 
based solely on substantial evidence of such from the literature. Consideration must be 
made for shelter location on the inbound (westbound) or outbound (eastbound) roadside; 
that is, whether a roadway next to the shelter will see larger morning or evening traffic 
volumes. Shelters sited along the inbound roadway lanes (Locations 1 and 2) may 
experience lower particulate levels in the evening due to lower vehicle volumes. 
Examining wind speed and direction was difficult given limited data from just one 
anemometer and inherently cumbersome directional data. Categorized regression models 
revealed wind speed and direction to significantly affect average particulate 
concentrations in conjunction with temperature and relative humidity. When combined 
with the other variables in the comprehensive models, wind speed and direction seldom 
significantly affected particulate concentrations. 
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Shelters on the study corridor are situated with their primary axes oriented east-
west, parallel to the east-west roadway. Prevailing winds in Portland are typically from 
the east out of the Columbia Gorge during the fall and winter months (from about 
October to March), and from the west off of the ocean during the spring and summer 
months (April to September). The discrepancy in prevailing winds at the shelter and 
prevailing winds for the city as a whole demonstrate sensitivity of wind measurements at 
microsites. Future studies would do well to setup multiple anemometers close to the 
shelter. Comparing wind measurements at each of these anemometer locations would 
help to reinforce findings (assuming agreement in wind speed and measurements at each 
anemometer) and strengthen conclusions made. 
Studying shelters both parallel and perpendicular to the prevailing wind, such that 
the wind blows into the shelter opening or its sides, may reveal different interactions 
between particulate concentrations and wind speed or wind direction. No shelters parallel 
to the prevailing south-southwest winds were available on the study corridor. 
 
 
6.1. Limitations 
The primary limitation of this study stems from the lack of sample sites. Only one 
shelter facing away from the roadway was studied, eventually limiting the ability of the 
regression models to discern shelter orientation effects from other environmental effects 
unique to Location 1. Ultimately, it became necessary to repurpose the orientation 
variable in the model to account for all environmental characteristics of Location 1. This 
new variable, Loc1, gives some information about the effects of orientation, but any 
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orientation-specific conclusions must be made with the caveat of uncontrolled external 
influences. 
A similar limitation exists for the analysis of near-side/far-side effects; Location 3 
is the only far-side shelter, again limiting the ability of the model to discern shelter 
placement effects relative to an intersection. 
Both the orientation and the near-side/far-side limitations may be overcome with 
the addition of more shelters to the model, helping to diversity built environment 
characteristics for shelter orientations and placements. 
Consideration must be made for the autocorrelation effects evident in all four 
models. The existence of serial correlation in the error term violates one of the classical 
assumptions of linear regression. Consequently, the model is no longer the theoretically 
minimum variance estimator and the sum of squared errors are biased, making hypothesis 
testing less reliable. Autocorrelation does not necessarily invalidate results, but it must be 
accounted for in future models. 
Another limitation of this study involves accuracy of wind measurements and the 
ability of these measurements to represent the entirety of the environment surrounding 
the bus shelter. The anemometer, while consistently placed in the same location at each 
shelter, was ultimately determined to be a weak indicator of wind speed and direction at 
all points in proximity to the study location. In a complicated near-road environment, 
wind is affected by myriad factors ranging from tail winds of tractor-trailers to turbulence 
created by trees and signposts. Thus, the measurements presented can only be said to 
accurately represent wind’s influence on particulate levels at that exact location. Though 
this may initially appear to severely limit the usefulness of the wind data, it is important 
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to note that the anemometer was placed adjacent to the particulate monitors outside the 
shelter and as such the data constitute a fair representation of particulate dependence on 
wind speed and direction for passengers waiting outside bus stop shelters. 
The sidewalls of the shelter may play a role in shielding efficiency of a shelter 
that faces away from the roadway. Along the study corridor, available shelter types 
limited complete comparisons between shelters towards and away from the roadway.. 
The shelter facing away from the roadway in this study had shorter walls (~2 feet long) 
than the shelters facing the roadway (~4 feet long). It is possible that the volume of air 
contained in the shelter, which is less than a shelter with longer walls, could affect 
particulate concentration levels. This would need to be investigated in a future study 
because no shelters with longer sidewalls facing away from the roadway exist along the 
studied corridor. 
This study focuses on a few aspects of particulate concentrations in a complicated 
environment that includes wind variation, changing traffic patterns, and routine presence 
of large diesel vehicles (such as buses). Although orientation, wind speed and direction, 
and vehicle flow appear to have an impact on exposure levels, future studies will need to 
consider other variables to effectively control for as many factors as possible when 
determining the significance of varying particulate levels. Many unexplored factors could 
affect particulate concentration levels, including routine presence of diesel buses, 
smokers near the shelter, and coordinated signals along a corridor. Air quality data will 
need to be synchronized with these missing factors to most accurately determine 
relationships between particulate levels, traffic volume and vehicle type, and the 
surrounding built environment. 
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7. CONCLUSION 
Particulate matter, as a common air pollutant recognized by NAAQS, is a key 
contributor to urban air quality concerns. Understanding roadside particulate exposure 
requires detailed measurements in complicated microenvironments. This study uses a 
comparative approach to determine particulate matter concentrations inside and outside 
bus shelters along a busy urban corridor, with particular attention paid to the orientation 
of the bus stop shelter. To the best of the author’s knowledge this is the first study that 
analyzes the impact of shelter orientation on transit users’ exposure at bus stops.  
Bus stop orientation is shown to play a statistically significant role in particulate 
matter levels and, consequently, exposure. In addition, a number of other variables 
demonstrate an influence on particulate matter, most notably time of day. Analysis of 
these variables helps to create a more robust understanding of a microenvironment’s 
effects on particulate concentrations. 
Currently, guidelines for the location and design of bus stops do not take into 
account air quality or exposure considerations. The results of this research suggest that it 
is possible to reduce exposure by changing the orientation of the bus shelter. Additional 
research is needed to expand the number of case studies and better understand the impact 
of traffic levels, location, and weather as well as to warrant a stronger recommendation in 
bus shelter location and design guidelines. 
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APPENDIX B – Linear Regression 
Categorical (log-transformed) 
Table 0.1: Categorical Linear Regression Model (logUFP Inside Shelter) 
logUFP 
(inside) Location Traffic Weather 
Variable† Beta Std. Error t Sig. Beta 
Std. 
Error t Sig. Beta 
Std. 
Error t Sig. 
Intercept 9.93 0.03 335.3 *** 10.42 0.05 217.0 *** 15.16 0.62 24.6 *** 
Location 
Location 1             
0 (reference)   
1 0.16 0.05 3.5 ***         
Location 3             
0 (reference)         
1 0.75 0.04 17.6 ***         
Traffic 
Vehicles     0.00 0.00 -1.01      
Heavy 
Vehicles     -0.001 0.00 -7.07 ***     
Weather 
Wind 
Speed         -0.22 0.07 -3.1 ** 
Wind 
Dir.             
Towards 
Shelter         -0.26 0.14 -1.9 . 
Away 
 from 
Shelter 
        (reference) 
With  
Traffic         0.23 0.12 1.9 . 
Against 
Traffic         0.17 0.12 1.5  
Temp.         -0.07 0.01 -9.7 *** 
Rel. 
Humidity         -0.03 0.00 -5.3 *** 
Adjusted 
R2 0.21 0.05 0.62 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 0.2: Categorical Linear Regression Model (logUFP Outside Shelter) 
logUFP 
(outside) Location Traffic Weather 
Variable† Beta Std. Error t Sig. Beta 
Std. 
Error t Sig. Beta 
Std. 
Error t Sig. 
Intercept 9.88 0.03 325.9 *** 10.37 0.05 219.0 *** 15.84 0.58 27.3 *** 
Location 
Location 1             
0 (reference)   
1 0.43 0.05 9.3 ***         
Location 3             
0 (reference)         
1 0.56 0.04 12.9 ***         
Traffic 
Vehicles     -7e-5 0.00 -2.1 *     
Heavy 
Vehicles     -7e-4 0.00 -4.1 ***     
Weather 
Wind 
Speed         -0.01 0.07 -0.1  
Wind 
Dir.             
Towards 
Shelter         0.06 0.13 0.5  
Away 
 from 
Shelter 
        (reference) 
With  
Traffic         0.05 0.11 0.5  
Against 
Traffic         0.00 0.11 0.0  
Temp.         -0.08 0.01 -12.9 *** 
Rel. 
Humidity         -0.02 0.00 -6.1 *** 
Adjusted 
R2 0.13 0.02 0.78 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 0.3: Categorical Linear Regression Model (logPM2.5 Inside Shelter) 
logPM2.5 
(inside) Location Traffic Weather 
Variable† Beta Std. Error t Sig. Beta 
Std. 
Error t Sig. Beta 
Std. 
Error t Sig. 
Intercept 2.90 0.03 83.4 *** 2.90 0.05 54.4 *** 1.52 0.71 2.15 * 
Location 
Location 1             
0 (reference)   
1 -0.22 0.06 -3.9 ***         
Location 3             
0 (reference)         
1 0.13 0.05 2.57 *         
Traffic 
Vehicles     0.00 0.00 0.6      
Heavy 
Vehicles     0.00 0.00 -0.3      
Weather 
Wind 
Speed         0.07 0.07 1.0  
Wind 
Dir.             
Towards 
Shelter         -0.52 0.15 -3.5 *** 
Away 
 from 
Shelter 
        (reference) 
With  
Traffic         -0.89 0.13 -6.6 *** 
Against 
Traffic         0.33 0.13 2.5 * 
Temp.         0.00 0.01 -0.38  
Rel. 
Humidity         0.03 0.00 5.4 *** 
Adjusted 
R2 0.03 0.00 0.73 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
 
  
 103 
Table 0.4: Categorical Linear Regression Model (logPM2.5 Outside Shelter) 
logPM2.5 
(outside) Location Traffic Weather 
Variable† Beta Std. Error t Sig. Beta 
Std. 
Error t Sig. Beta 
Std. 
Error t Sig. 
Intercept 2.45 0.03 75.3 *** 2.70 0.05 59.9 *** -3.39 0.57 -6.0 *** 
Location 
Location 1             
0 (reference)   
1 0.29 0.05 6.1 ***         
Location 3             
0 (reference)         
1 0.47 0.04 10.8 ***         
Traffic 
Vehicles     0.00 0.00 1.5      
Heavy 
Vehicles     -5e-4 0.00 -3.0 **     
Weather 
Wind 
Speed         0.02 0.05 0.3  
Wind 
Dir.             
Towards 
Shelter         -0.08 0.14 -0.6  
Away 
 from 
Shelter 
        (reference) 
With  
Traffic         0.00 0.10 -0.02  
Against 
Traffic         -0.23 0.09 -2.7 ** 
Temp.         0.07 0.01 10.9 *** 
Rel. 
Humidity         0.04 0.00 10.3 *** 
Adjusted 
R2 0.09 0.01 0.45 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Comprehensive (log-transformed) 
Table 0.1: Initial Comprehensive Linear Regression Model (logUFP Inside Shelter) 
logUFP (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 15.05 1.39 10.8 *** 
Location 
Location 1 (dummy) 0.13 0.10 1.3  
Location 3 (dummy) 0.03 0.08 0.4  
Traffic 
Vehicles 0.00 0.00 0.17  
Heavy Vehicles 0.00 0.00 -0.8  
Weather 
Wind Speed -0.18 0.07 -2.4 * 
Wind Direction     
Towards Shelter -0.31 0.15 -2.0 * 
Away from Shelter (reference) 
With Traffic 0.25 0.14 1.8 . 
Against Traffic 0.14 0.12 1.2  
Temperature -0.07 0.01 -4.4 *** 
Relative Humidity -0.02 0.01 -2.2 * 
Adjusted R2 0.66 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 0.2: Initial Comprehensive Linear Regression Model (logUFP Outside 
Shelter) 
logUFP (outside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 12.74 1.29 9.9 *** 
Location 
Location 1 (dummy) -0.11 0.09 -1.2  
Location 3 (dummy) 0.19 0.08 2.4 * 
Traffic 
Vehicles 0.00 0.00 -0.2  
Heavy Vehicles 0.00 0.00 0.4  
Weather 
Wind Speed 0.07 0.07 1.1  
Wind Direction     
Towards Shelter -0.08 0.14 -0.6  
Away from Shelter (reference) 
With Traffic 0.15 0.13 1.2  
Against Traffic -0.02 0.11 -0.1  
Temperature -0.05 0.01 -3.7 *** 
Relative Humidity 0.00 0.00 -0.2  
Adjusted R2 0.81 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 0.3: Initial Comprehensive Linear Regression Model (logPM2.5 Inside Shelter) 
logPM2.5 (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 3.63 0.66 5.5 *** 
Location 
Location 1 (dummy) -0.75 0.06 -11.8 *** 
Location 3 (dummy) -0.77 0.04 -19.4 *** 
Traffic 
Vehicles 0.00 0.00 -0.8  
Heavy Vehicles 1e-4 0.00 1.9 . 
Weather 
Wind Speed -0.01 0.04 -0.3  
Wind Direction     
Towards Shelter 0.04 0.08 0.5  
Away from Shelter (reference) 
With Traffic -0.14 0.08 -1.9 . 
Against Traffic 0.03 0.06 0.4  
Temperature -0.02 0.01 -3.1 ** 
Relative Humidity 0.01 0.00 2.9 ** 
Adjusted R2 0.95 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 0.4: Initial Comprehensive Linear Regression Model (logPM2.5 Outside 
Shelter) 
logPM2.5 (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept -1.13 2.45 -0.5  
Location 
Location 1 (dummy) -1.52 0.72 -2.1 * 
Location 3 (dummy) -0.78 0.48 -1.6  
Traffic 
Vehicles 0.00 0.00 -0.1  
Heavy Vehicles 0.00 0.00 -0.3  
Weather 
Wind Speed 0.04 0.05 0.7  
Wind Direction     
Towards Shelter -0.15 0.13 -1.2  
Away from Shelter (reference) 
With Traffic 0.00 0.11 0.0  
Against Traffic -0.16 0.08 -2.0  
Temperature 0.04 0.03 1.1  
Relative Humidity 0.04 0.01 4.5 *** 
Adjusted R2 0.53 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Categorical (not log-transformed) 
Table 0.1: Categorical Linear Regression Model (UFP Inside Shelter) 
UFP 
(inside) Location Traffic Weather 
Variable† Beta Std. Error t Sig. Beta 
Std. 
Error t Sig. Beta 
Std. 
Error t Sig. 
Intercept 27549 1163 23.7 *** 41599 1814 22.9 *** 221977 25224 8.8 *** 
Location 
Location 1             
0 (reference)   
1 2677 1799 1.49 -         
Location 3             
0 (reference)         
1 21492 1679 12.8 ***         
Traffic 
Vehicles     -1.48 1.28 -1.2      
Heavy 
Vehicles     -34.2 6.55 -5.2 ***     
Weather 
Wind 
Speed         -3323 2876 -1.2  
Wind 
Dir.             
Towards 
Shelter         -21309 5732 -3.7 *** 
Away 
 from 
Shelter 
        (reference) 
With  
Traffic         3222 4873 0.7  
Against 
Traffic         5986 4704 1.3  
Temp.         -2490 281 -8.9 *** 
Rel. 
Humidity         -948 172 -535 *** 
Adjusted 
R2 0.13 0.03 0.46 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
 
 
  
 109 
Table 0.2: Categorical Linear Regression Model (UFP Outside Shelter) 
UFP 
(outside) Location Traffic Weather 
Variable† Beta Std. Error t Sig. Beta 
Std. 
Error t Sig. Beta 
Std. 
Error t Sig. 
Intercept 27365 1057 25.9 *** 37545 1586 23.7 *** 209515 24135 8.7 *** 
Location 
Location 1             
0 (reference)   
1 9497 1634 5.81 ***         
Location 3             
0 (reference)         
1 11150 1526 7.31 ***         
Traffic 
Vehicles     -1.38 1.12 -1.2      
Heavy 
Vehicles     -16.0 5.70 -2.8 **     
Weather 
Wind 
Speed         1560 2755 0.6  
Wind 
Dir.             
Towards 
Shelter         -13810 5485 -2.5 * 
Away 
 from 
Shelter 
        (reference) 
With  
Traffic         -7673 4693 -1.6  
Against 
Traffic         -163 4484 0.0  
Temp.         -2506 268 -9.3 *** 
Rel. 
Humidity         -782 164 -4.8 *** 
Adjusted 
R2 0.05 0.01 0.58 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 0.3: Categorical Linear Regression Model (PM2.5 Inside Shelter) 
PM2.5 
(inside) Location Traffic Weather 
Variable† Beta Std. Error t Sig. Beta 
Std. 
Error t Sig. Beta 
Std. 
Error t Sig. 
Intercept 24.89 1.03 24.2 *** 23.73 1.59 14.9 *** 53.40 21.65 2.5 * 
Location 
Location 1             
0 (reference)   
1 -7.76 1.66 -4.7 ***         
Location 3             
0 (reference)         
1 4.65 1.48 3.13 **         
Traffic 
Vehicles     0.00 0.00 0.8      
Heavy 
Vehicles     0.00 0.01 0.0      
Weather 
Wind 
Speed         2.82 2.28 1.23  
Wind 
Dir.             
Towards 
Shelter         -16.54 4.59 -3.6 *** 
Away 
 from 
Shelter 
        (reference) 
With  
Traffic         -29.79 4.09 -7.3 *** 
Against 
Traffic         10.00 3.98 2.5 * 
Temp.         -0.87 0.24 -3.7 *** 
Rel. 
Humidity         0.30 0.15 2.0 * 
Adjusted 
R2 0.04 0.00 0.72 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 0.4: Categorical Linear Regression Model (PM2.5 Outside Shelter) 
PM2.5 
(outside) Location Traffic Weather 
Variable† Beta Std. Error t Sig. Beta 
Std. 
Error t Sig. Beta 
Std. 
Error t Sig. 
Intercept 12.28 0.79 15.6 *** 18.72 1.12 16.7 *** -65.27 8.86 -7.4 *** 
Orientation 
Orientation             
0 (reference)   
1 4.95 1.14 4.3 ***         
Location 
Intersection             
0 (reference)         
1 13.91 1.06 13.1 ***         
Traffic 
Vehicles     0.001 0.001 1.8 .     
Heavy 
Vehicles     -0.01 0.004 -3.1 **     
Weather 
Wind 
Speed         0.45 0.82 0.54  
Wind Dir.             
Towards 
Shelter         -0.89 2.13 -0.4  
Away 
 from 
Shelter 
        (reference) 
With  
Traffic         -0.72 1.60 -0.4  
Against 
Traffic         -3.63 1.38 -2.6 ** 
Temp.         0.94 0.10 9.1 *** 
Rel. 
Humidity         0.49 0.05 9.0 *** 
Adjusted R2 0.14 0.01 0.35 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Comprehensive (not log-transformed) 
Table 0.1: Comprehensive Linear Regression Model (UFP Inside) 
UFP (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 363500 57920 6.3 *** 
Location 
Location 1 (dummy) 11080 4223 2.6 ** 
Location 3 (dummy) -10002 3517 -2.9 ** 
Traffic 
Vehicles 0.19 1.25 0.2  
Heavy Vehicles -1.78 6.45 -0.3  
Weather 
Wind Speed -3349 3020 -1.1  
Wind Dir.     
Towards Shelter -14410 6374 -2.3 * 
Away from Shelter (reference) 
With Traffic 6713 5629 1.2  
Against Traffic 4541 4823 0.9  
Temperature -4012 623 -6.4 *** 
Relative Humidity -1957 408 -4.8 *** 
Adjusted R2 0.50 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
 
Table 0.2: Comprehensive Linear Regression Model (UFP Outside) 
UFP (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 198500 54630 3.6 *** 
Location 
Location 1 (dummy) -4632 3980 -1.2  
Location 3 (dummy) -5753 3319 1.7 . 
Traffic 
Vehicles -0.12 1.18 -0.10  
Heavy Vehicles 4.58 6.10 0.75  
Weather 
Wind Speed 2473 2847 0.7  
Wind Dir.     
Towards Shelter -8777 6004 -1.5  
Away from Shelter (reference) 
With Traffic 2182 5344 0.4  
Against Traffic -1448 4525 -0.3  
Temperature -2381 588 -4.1 *** 
Relative Humidity -701 385 -1.8 . 
Adjusted R2 0.63 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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Table 0.3: Comprehensive Linear Regression Model (PM2.5 Inside) 
PM2.5 (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept 132.9 17.95 7.4 *** 
Location 
Location 1 (dummy) -23.5 1.70 -13.8 *** 
Location 3 (dummy) -25.4 1.07 -23.8 *** 
Traffic 
Vehicles -0.0001 0.0004 -0.3  
Heavy Vehicles 0.003 0.002 1.8 . 
Weather 
Wind Speed -0.011 0.96 0.0  
Wind Dir.     
Towards Shelter 1.66 2.04 0.8  
Away from Shelter (reference) 
With Traffic -5.93 2.00 -3.0 ** 
Against Traffic 0.17 1.63 0.1  
Temperature -1.59 0.19 -8.5 *** 
Relative Humidity -0.20 0.12 -1.6  
Adjusted R2 0.96 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
 
Table 0.4: Comprehensive Linear Regression Model (PM2.5 Outside) 
PM2.5 (inside) Comprehensive 
Variable Beta SSE t Sig. † 
Intercept -15.57 36.83 -0.4  
Location 
Location 1 (dummy) -23.14 10.82 -2.1 * 
Location 3 (dummy) -12.96 7.19 -1.8 . 
Traffic 
Vehicles 0.00 0.00 -0.2  
Heavy Vehicles 0.00 0.00 -0.1  
Weather 
Wind Speed 0.84 0.79 1.1  
Wind Dir.     
Towards Shelter -2.24 1.90 -1.2  
Away from Shelter (reference) 
With Traffic -0.25 1.62 -0.2  
Against Traffic -2.44 1.23 -2.0 * 
Temperature 0.22 0.48 0.5  
Relative Humidity 0.50 0.14 3.5 *** 
Adjusted R2 0.43 
† Significance codes:  ‘***’ = 0.001; ‘**’ = 0.01; ‘*’ = 0.05; ‘.’ = 0.1 
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APPENDIX C – Shelter Orientation Time Series Plots 
 
Morning Particulate Measurements 
 
Figure 0.1: Morning UFP measurements and Loess-smoothed UFP measurements 
inside and outside each bus stop shelter per 5-second intervals. 
  
07:00 07:30 08:00 08:30 09:00
0
50
00
0
15
00
00
25
00
00
UFP Inside/Outside, April 5
Morning, Shelter Facing Away From Roadway (Location 1)
Time
pt
/c
c
Inside
Outside
Inside - smoothed
Outside - smoothed
07:00 07:30 08:00 08:30 09:00
0
50
00
0
15
00
00
25
00
00
UFP Inside/Outside, April 29
Morning, Shelter Facing Away From Roadway (Location 1)
Time
pt
/c
c
Inside
Outside
Inside - smoothed
Outside - smoothed
07:00 07:30 08:00 08:30 09:00
0
50
00
0
15
00
00
25
00
00
UFP Inside/Outside, April 8
Morning, Shelter Facing Towards Roadway (Location 2)
Time
pt
/c
c
Inside
Outside
Inside - smoothed
Outside - smoothed
07:00 07:30 08:00 08:30 09:00
0
50
00
0
15
00
00
25
00
00
UFP Inside/Outside, May 13
Morning, Shelter Facing Towards Roadway (Location 2)
Time
pt
/c
c
Inside
Outside
Inside - smoothed
Outside - smoothed
07:00 07:30 08:00 08:30 09:00
0
50
00
0
15
00
00
25
00
00
UFP Inside/Outside, March 22
Morning, Shelter Facing Towards Roadway (Location 3)
Time
pt
/c
c
Inside
Outside
Inside - smoothed
Outside - smoothed
07:00 07:30 08:00 08:30 09:00
0
50
00
0
15
00
00
25
00
00
UFP Inside/Outside, April 15
Morning, Shelter Facing Towards Roadway (Location 3)
Time
pt
/c
c
Inside
Outside
Inside - smoothed
Outside - smoothed
 115 
 
Figure 0.2: Morning PM1.0 measurements and Loess-smoothed PM1.0 measurements 
inside and outside each bus stop shelter per 5-second intervals. 
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Figure 0.3: Morning PM2.5 measurements and Loess-smoothed PM2.5 measurements 
inside and outside each bus stop shelter per 5-second intervals. 
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Figure 0.4: Morning PM10 measurements and Loess-smoothed PM10 measurements 
inside and outside each bus stop shelter per 5-second intervals. 
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Evening Particulate Measurements 
 
 
Figure 0.1: Evening UFP measurements and Loess-smoothed UFP measurements 
inside and outside each bus stop shelter per 5-second intervals. Note evening data 
are unavailable for Location 1 on April 5.  
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Figure 0.2: Evening PM1.0 measurements and Loess-smoothed PM1.0 measurements 
inside and outside each bus stop shelter per 5-second intervals. Note evening data 
are unavailable for Location 1 on April 5.  
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Figure 0.3: Evening PM2.5 measurements and Loess-smoothed PM2.5 measurements 
inside and outside each bus stop shelter per 5-second intervals. Note evening data 
are unavailable for Location 1 on April 5.  
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Figure 0.4: Evening PM10 measurements and Loess-smoothed PM10 measurements 
inside and outside each bus stop shelter per 5-second intervals. Note evening data 
are unavailable for Location 1 on April 5.  
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APPENDIX D – Wind Effects on Particulate Concentration 
 
UFP - Wind Measurements 
 
 
 
 
Figure 0.1: Bivariate polar plots illustrating wind speed and direction effects on 
UFP concentrations at each location. 
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PM1.0 – Wind Measurements 
 
 
Figure 0.1: Bivariate polar plots illustrating wind speed and direction effects on 
PM1.0 concentrations at each location. 
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PM2.5 – Wind Measurements 
 
 
 
Figure 0.1: Bivariate polar plots illustrating wind speed and direction effects on 
PM2.5 concentrations at each location. 
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PM10 – Wind Measurements 
 
 
 
Figure 0.1: Bivariate polar plots illustrating wind speed and direction effects on 
PM10 concentrations at each location. 
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APPENDIX E – Vehicle and Particulate Interactions 
 
Morning Vehicle Measurements 
 
Figure 0.1: Morning UFP measurements inside and outside each bus stop shelter 
overlaid with vehicle counts per 5-minute time intervals. 
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Figure 0.2: Morning PM1.0 measurements inside and outside each bus stop shelter 
overlaid with vehicle counts per 5-minute time intervals. 
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Figure 0.3: Morning PM2.5 measurements inside and outside each bus stop shelter 
overlaid with vehicle counts per 5-minute time intervals. 
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Figure 0.4: Morning PM10 measurements inside and outside each bus stop shelter 
overlaid with vehicle counts per 5-minute time intervals. 
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Evening Vehicle Measurements 
 
 
Figure 0.1: Evening UFP measurements inside and outside each bus stop shelter 
overlaid with vehicle counts per 5-minute time intervals. Note data are unavailable 
for Location 1 on April 5.  
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Figure 0.2: Evening PM1.0 measurements inside and outside each bus stop shelter 
overlaid with vehicle counts per 5-minute time intervals. Note data are unavailable 
for Location 1 on April 5.  
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Figure 0.3: Evening PM2.5 measurements inside and outside each bus stop shelter 
overlaid with vehicle counts per 5-minute time intervals. Note data are unavailable 
for Location 1 on April 5.  
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Figure 0.4: Evening PM10 measurements inside and outside each bus stop shelter 
overlaid with vehicle counts per 5-minute time intervals. Note data are unavailable 
for Location 1 on April 5. 
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